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The movement of one or more components within or between 
hases occurs in many unit operations of chemical engineering 
nd is known as mass transfer. It is caused by the existence 
of a concentration gradient of a component within a system, 
the potential available tending to transfer the component in 
the direction of decreasing concentration.. Absorption., 
crystallisation, extraction, stripping, humidification and drying 
are all examples of mass transfer operations. 
Diffusion and Mass Transfer 
In most of the mass transfer operations, there are two 
main mechanisms of transfer, one by molecular or true 
diffusion as a result of concentration gradients and the 
other by actual bulk motion of the fluid (convection). In 
such operations usually there exists a film of relatively 
stationery material which insulates the main body of fluid 
from the other phase and a main body where the fluid is 
turbulent and eddying. 1ibile the two mechanisms operate 
simultaneously throughout the system, in the true film where 
turbulence is practically negligible the transfer is mainly 
by molecular diffusion, while in the main body the transfer 
is mostly by convection due to the rapid eddying. Thus a 
-2- 
substance being transferred must pass through the two 
consecutively, being carried by turbulence through the main 
body of the fluid and then by true diffusion through the film 
to the interface. Although the interfacial area between the 
two phases may he increased through violent agitation, the thin 
films cannot be eliminated entirely and it is generally accepted 
that in all operations involving two phases such films may exist 
on either side of the interface with the result that diffusion 
is a necessary step in the transfer from one phase to another. 
Such films, if thin, may offer only slight resistance to the 
process of mass transfer and so have a negligible effect. On 
the other hand, they may, and they frequently do, exert the 
greater resistance to the process of mass transfer and so may 
control the rate of the process. 
The overall process, however, may be evaluated on the 
basis of the knowledge of the quantitative contribution of 
molecular diffusion and turbulence at various points in the 
system-Since the extent to which those two mechanisms control 
the overall process is not precisely known, it is customary to 
express rates of mass transfer in terms of an overall transfer 
coefficient. The procedure is purely empirical and there is 
no logical justification for its use especially if Henry's law 
is not obeyed. In such cases, it has been found that the 
rates of transfer may not vary in direct proportion to the 
overall bulk concentration differences at all concentration 
levels, although the rates may be proportional to the 
concentration difference in each phase taken separately. In 
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view of this t:t, it is desirable that both eddy diffusion 
rate ar 1 true di.fueion rate should be studied separat].y, if 
a more recise knwl9dgo of the mechanism of inass trrnefer is 
required , 
Eddy Diffusion 
L ilo it is possible to describe molecular diffuion in 
mathematical terms quite satisfactorily at present, an adequate 
knowledge of the mechanism of eddy diffusion is still lacking. 
The motion of turbelence cannot be described corlee1y in 
i;thesnatieal teree ct anc the derivation of relations similar 
to those for diffusion, giving the rate of mass transfer by 
turbulent mechanism has not been possible. A very brief account, 
however, is given here of the progress made. 
One of the earliest mathematical treatment of eddy diffusion 
was by wiisonwho derived a relation between eddy diffusivity 
E and the volumetric concentration of the diffusing gas C at an 
axial distance .k down stream from a continuous point source 
in a fluid moving with a uniform velocity 1A of the form: 
C 	 Q 	- (V/2E) 
4 7TE R1  
where Q is the volumetric feed rate and R1  is the direct distance 
from the injector tube to the sampling point. 
Later Taylor 	proposed a theory based on the statistical 
theory of turbulence in which the variations in the properties 
defining turbulence were treated statistically. His treatment 
leads to the equation: 
whore E is the eddy diffusivity, u1 is the root esn.equare 
deviating velocity and 	is a characteristic length of the 
system. This is similar to the relation obtained recently by 
Dryden(3)  based on the mixing-length theory, vis. 
E =0.3 MlL 
there kl is the deviating velocity normal to the direction 
of flow (assuming unidirectional diffusion), and L is the Prandtl 
mixing-lengths i.e., the distance that a particle of (1Uir, or 
eddy, travels before losing its identity. 
The experimental study of eddy diffusion has not been 
considerable, the work of Schubaser(4); of Towle and Sherwood; 
of Sherwood and woerta(6); and of van Driest(7) being most 
noteworthy* Although their results do not justify the validity 
of the above relations completely or give a satisfactory picture 
of the velocity pattern of turbulent flows they do point to the 
fact that unlike molecular diffusion and viscosity, eddy diffusion 
and eddy viscosity are primarily functione r,7  the state of 
motion of the fI4d as described by the Re Ids number and not 
functions of the physical  properties of th ystem except in so 
far as they may affect the Reynolds number. For short distances 
the material transfer in a turbulent stre. i oea not take place 
by diffusion in the ordinary sense, i.e., t rate of diffusion 
is not proportional to the concentration rient and eddy 
diffusivity depends only on the intensity of turbulence; whereas 
for longer distances, it depends both on the intensity and the 
scale of turbulence. Towle in his direct determination of 
eddy diffusivity found that it was of the order of a hundred 
times the molecular diffusivity in case of hydrogen or carbon 
dioxide diffusing into a turbulent air stream, increasing 
approximately in proportion to the Reynolds number. 
Eddy dif1sivity in turbulent streams being very much 
greater than molecular diffusivity generally, the principal 
resistance to the overall mass transfer process lies in the 
region through which the material must pass by molecular 
diffusion. This tact is the basis of the two film theory of 
Lode and Whitman according to which transmission of any 
material across from one piiaee to the other involves crossing 
two stagnant fluid films in series by molecular diffusion. 
The validity of this concept of additivity of resistances has 
not been tested ad*quately, but in many instances its application 
has been successful. It is generally accepted that most of 
the rsietance to mass transfer between phases lies in the 
interfacial region, although the resistance to transfer by eddy 
diffusion is not an insignificant fraction of the whole, 
ince in a process consisting of a number of stages, the overall 
'ate Is mainly controlled by the slower ones, the importance of 
oleoular diffusion, or simply diffusion in the study of mass 
ansfer cannot be overemphasised* 
emicl eaction 
Apart from its importance in mass transfer studies, 
t ffusion may be a controlling factor in many catalytic reactions. 
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In order to react, the reactants have to move by diffusion to 
the internal surface of the porous catalyst particles to give 
reasonable conversion rates, which may be insufficient under 
certain conditions (say, large particle size) to maintain an 
equal concentration inside and outside the catalyst particle. 
As a result, the reaction rate is smaller than that corresponding 
with the intrinsic activity of the catalyst surface. So much 
so that even in the case of ammonia synthesis where it is 
generally accepted that the reaction rate is too slow to be 
retarded by a restricted diffusion rate and where the influence 
of the particle size on the reaction rate is not observed, the 
reaction rate may be retarded for this reason under technical 
conditions. This has been shown by Wagner(9)  and by Wheeler0' 
from the estimation of the diffusion rate inside the porous 
catalyst particles. The former pointed out that at high 
pressure, the transport of the adsorbed molecules or radicles 
by surface migration might contribute considerably to the 
diffusion rate. The evidence for this is provided by the work 
of Kummer and Emmett (11)  on exchange experiments between N230  
and N228  over iron synthetic ammonia catalysts, 
Another field in which the study of diffusion has found 
wide application is the investigation of solution rate and 
chemical reaction. Danckwerts(12)  has shown that the rate of 
solution depends both on the diffusion coefficient and on the 
reaction rate constant, 
jb~L nuroose and Q2222 of the work 
t is evident from what has been said that the study of 
diffusion is very essential in approaching the problem of mass 
transfer in a more systematic way. Since the diffusivity in 
gases is much higher than that in liquids, the former does not 
impose such a great limitation on the overall rate (except in 
the case of highly soluble gases) as the latter. Moreover, 
satisfactory methods are available by which diffusivity in gasc 
may, be estimated whereas those for liquids are not so reliable 
since the kinetic theory of liquids is not as well—developed 
as that of gases. The data for diffusivity in liquids, 
especially those for gases in liquids, are very aOanty in the 
literature and as far as the author is informed, a convenient 
method for the measurement of diffusivity of gases in liquids 
is yet to be reported, although methods for measuring diffusivity 
of solids or liquids in liquids are fairly established. It 
has been the purpose of this work to measure the diffusivitiec 
of a few gases in liquids and to investigate its relation to 
mass transfer rates. systems having fairly wide range of 
solubilities were chosen - from very slightly soluble hydrogen 
in water to fairly soluble sulphur dioxide in water. In case 
of slightly soluble gases where the gas film resistance is not 
very important, the diffusion coefficients are oorre1ited with 
liquid film transfer coefficients wherever the latter are 
available. In the absence of such data, the liquid film 
transfer coefficients are to be predicted on the basis of 
experimentally determined values of diffusivity under specific 
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conditions of mass transfer. 	The equations of Lewis and 
Whitman(8), of Higbie 	and of Dnckwerts 2 for mass 
transfer 1ctween gases and liquids are to be compared on the 
basis of experimentally determined values of liquid film 
transfer coefficients and the values obtained by substitution 
in the respective equation of the different terms. It is not 
intended to exter4 this work to systems involving the 
complicating effects of chemical reaction or heat transfer in 
course of the process of mass transfer although a few such 
systems are included for the determination of diffusivity. 
The object of this work is thus: 
(1) Measurement of diffusivity of a few gases in llquid 
and (2) Application of experimentally determined values of 
diffusion coefficients to rate of mass transfer 





If inhomogoneities in concentration exist in a system 
of miscible substances, the mobile constituents tend to migrate 
to a region of lower concentration. In the absence of any 
external force all the components are uniformly distributed 
throughout the volume in course of time and this phenomenon 
is called translational diffusion or commonly diffusion. The 
process is caused by the existence of a thermodynamic free 
energy gradient in the system and is controlled by factors like 
temperature, entropy and composition. The evidence for this 
is born out by the tact that there is no net diffusion across the 
interface of a solute partitioned between two immiscible solvent. 
The process is irreversible as a consequence of the second 
law of thermodynamics. 
The diffusion coefficient 	 (0 
In order to measure diffusion quantitatively, it is 
necessary to define for any substance the diffusion coefficient 
D which is numerically equsl to the quantity of that substance 
(not dimensionally) which passes perpendicularly through a 
reference surface of unit area in unit time when the driving 
force causing this transfer (i.e. the concentration gradient) 
10 
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is unity, It is to be noted that the unit in which the 
quantity of substance is expressed does not affect D which 
has the dimensions of length squared per time for it cancels 
out with the unit of quantity in the concentration gradient 
when consistent units are used throughout. It is apparent, 
therefore, that 0 is dependent on the frame of reference to 
which the process is referred. Experimental measurements are 
made in a frame of reference fixed with respect to a plane in 
the system. 
C14jfjoatjon of diffujn experiment 
The various processes employed for determining 0 may 
divided into three classes depending on the boundary 
conditions: 
tree .diffusio: This refers to diffusion between two 
solutions of different concentrations having initially 
a sharp boundary between them in a vertical column in which 
there is no change in composition at the top and at the, 
bottom during the period of observation. 
The absorption, the scale and the sohlieren methods 
usually employ free diffusion. 
Restricted diffusion: If free diffusion is continued, 
eventually concentration changes begin to occur at one or 
both ends of any column of finite height and the process is 
then referred to as restricted diffusion. 
The conductivity method employing a Tiselius type of 
diffusion coil is an example of restricted diffusion, 
- U- 
(3) te&1y.statediffusion: If the concentration at the two 
ends of a diffusion column is maintained constant, say by 
allowing them access to reservoirs of appropriate 
concentrations, a steady state is eventually established in 
which the concentration distribution throughout the column 
does not change with time. Under such conditions the 
diffusion flow is constant at each height in the column and 
the process is known as steady-state diffusion. If D is 
Independent of concentration, the concentration of the 
solution varies linearly with the height of the column. 
The work of Clack (50), and as a first approximation 
the porous diaphragm method exemplify steady-state diffusion. 
The integral and differential diffusion coefficients 
Since the diffusion coefficient is generally a function of 
concentration, it is necessary to define it further into two 
categories, viz., the differential diffusion coefficient which 
is the value at a specific concentration and the integral 
diffusion coefficient which is the average value over a specified 
concentration range. Obviously, the forer is the one having 
greater theoretical significance. 
sick's Itws 
It is only appropriate to start a theoretical treatment of 
the process of diffusion with the enunciation of Fick's laws(45) 
which relate the rate of flow of a diffusing substance with the 
concentration gradient causing that flow. Since in inter- 
diffusion at least two substances are involved, generally there 
is more than one diffusion equation, one for each substance 
involved. In the ease of a two'componente system, two equations 
are necessary, but as the magnitude of the rate of flow of both 
the components is generally equal, the difference being only in 
the direction which is opposite, the second equation is not 
considered soperstely. 
If Q be the amount of a substance passing perpendicularly 
through a reference plane of unit area in the direction x and 
o be the concentration of the same substance before diffusion 
Woe place, then Pich'o first law ma be stated as: 
PoD * a a a a a a (1) 
V 
for unidirectional diffusion where 1) is the diffusion coefficient 
defined erIier, In QG,S, units, Q has the dimensions of 
g. em1*2 ,4 	 603 c of ga, cd, and .Us in em, Therefore I) 
has the dimensions of 	- Sec-7- 0-1,1 = em, see. and is 
gm. cf-.' 
Independent of the unit of quantity chosen for expressing Q 
provided that consistent units are used throughout. 
The equation implies that I) is constant for a given 
medium, teaparaiure and pressure which is only approximately 
true. It has been shown that in general 11, is a function of 
temperature and concentration and possibly also of concentration 
gradient (14, 15, 1). Since the equation in derivable from 
the osmotic theory, a limiting value of P at infinite 
dilution is to be expected and the relation therefore is 
recognised as a typical limiting law. 
In order to measure D with the help of equation (1) it is 
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necessary to measure Q as well ac which requires the 
establishment of a steady-state in which the concentration 
gradient is constant. In many cases encountered in practice, 
it is not easy to maintain a steady state and it becomes 
essential to measure the change of concentration with time 
at any point along the diffusion column. In other words, it 
is necessary to observe the increase in the amount of the 
diffusing substance within a volume element bounded by two 
parallel planes of unit area situated at 3L and 3L +Axin time t, 
Application of equation (1) then leads as to: 
D £' 	- facl 
D 	,o(x+ 	 (Taylor's Theorem). 
Dividing throughout by the volume,I.lcd of the element, 
we obtain for the increase of concentration with time in the 
limit Z-) 0: 
D.-4 • • • * . . . . . . (2) 
which is Pick's second law derived on the assumption that D 
is a constant. 
If diffusion occurs in an arbitrary direction, corresponding 
expressions for T and Z co-ordinates must be added to the 
right hand sides of equations (1) and (2) and in that case 
they become; 
Q 	...fl 	 ,,•,,.,,,, (3) 
	
and P.S = D 	 +2c) ........ (4) 
? - 
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By employing adequate initial and boundary conditions, 
ea.t&ons (1), (2), (3) and (4) can be solved. 
vivatiou Qf D when it is a function of concentration 
Since I) is generally a function of concentration, we 
have to treat D as a variable while deriving a relation for 
the change of concentration with time. Equation (1) still 
remains unchanged, but equation (2) becomes: 
(D 	°) 	 (5) instead and 
. t 	-sr $ • • . • • • $ 
may be written as 
D-Zc '20 t + 
(D) (c)2 
~77 .....,.... (b) 
As before when the increase in the amount of the diffusing 
substance within a volume element bounded by two parallel 
	
planes of unit area situated at x and x + 	in unit time is 
observed,, we have, 
-(n.Ij), + ISIX- 
(D.H') )jt +(t 	 ) .dc 	 (7) 
where do is the concentration difference corresponding to the 
distance SLit. 
When .1) shows a marked dependence on concentration, one has 
to use equations (5) or (7), but these are very inconvenient to 
apply in most oases. A simpler way is to use a very small 
concentration difference in the system, keeping the average 
concentration constant in the volume element under consideration, 
thus keeping 1) and 	unchanged. Than the differential coefTi- 
dents with respect to .k will change 4amounts app*oximao1y 
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proportional l to the change of concentration difference and 
with decreasing do, the third term on the right hand al4e of 
equation (7) will decrease as (dc)2 while the preceding terms 
decrease as do only and may be neglected. If the variation of 
D within the concentration range under consideration is small 
compared with D. the second term which contains 	may also 
be neglected as the concentration differences will be very small. 
Thus differential diffusion coefficients may be determined 
employing equatio (2) when a sufficiently small concentration 
range is involved. If, however, 0 varies with concentration 
as well as concentration gradient (14, 15, 16), i.e., when 
D f (el 	egg, in the case of highly aesymetx'io particles 
or highly concentrated solutions, both Q andja  ' must be 
measured at a known value of c which means the eLtablishment 
of steady state and employment of equation (1). 
coefficients 
As a consequence of the variation of diffusion coefficient 
With concentration it becomes necessary to classify it as 
integral and differential coefficients as noted earlier and the 
two may be related as shown below. 
Now the differential diffusion coefficient 0 is given by 
equation (1), which may be written as: 
D = —Q 	........... () 





These two equations may be combined to give the relation 
between 1) and : 
Cj art: 
,-021 1 	) 	. D.dc .......... (10) 
Cr J 
corresponding to the concentration interval from c 7-to a 
In cases where diffusion is accompanied by a change in 
volume i.e. when the partial specific volume of solution is not 
zero, a flow of solvent takes place and a correction is required 
of flak's equation while determining 1) in the moving frame of 
reference. Equation (1) in such a case becomes: 
-D 	C 	
.......... (11) 
in wl-.ich~LVis the rate of transfer of solute across a plane of at 
unit area at concentration c
3 
is the rate of change of 
volume of the residual solution and DS is the diffusion 
coefficient. 
Since 	= iL . 	 we can write 
t ?qt 
D3=-Q (1+c..) ()_l 
.......... (12) 
If q is expressed in gms.,Z= , the partial specific 
volume and equation (12) becomes: 
D3 = D(]. + c) .......... (13) 
If the concentration of the residual solution is not uniform, 
a mean value of i may be used as a first approximation or the 
- 1? 
00 
curve of c vs. ia plotted and Integrated* If D dopondo on 
oonoontration, equation (11) should be derived from equation (5) 
Instead and furtiez' assumptions are necessary to solve the 
relation. 
The study of the situation regarding the variation of I) 
with temperature has been lose satisfactory so far. On the 
basis of the acmty data available it has usually been 
represented by the equation: 
1 + at (?2 = T1) 	 (14 ) 
until relatively recently, ittoating a linear variation of 0 
with absolute temperature. Taylor(1 ), hoever, obtained a 
linear plot of log. D vs, utilising the data of Cohen and 
Bruins(13 ) Which is to be expected from the relation of 
—F 
' 	. exp. •.....,... (is) 
The exponential variation of 0 with T is also expected 
on the basic of the measurement of variation of viscosity with 
temperature by Swell, and Eyring 	since the two are related, 
and of diifuaivity with temperature by 4th and t rrow(20). 
Until sufficient information on the variation of diffusivity 
with temperature is available, Eyrin'a equation seems to 
represent the situation beet and has been found quite 
satisfactory according to the concept of holes in iiqide. 
18g. 
he Steady State 
Since in this work we shall be dealing mainly with diffusion 
in stationary (steady) or quasi—steady states, it is necessary 
to give a detailed account of the same and derive relations 
leading to the experimental determination of diffusivities by 
these methods. 
In the steady state, the concentration is maintained 
constant at the two ends of the diffusion column, i.e,, 
= 0 ........... (1) 
For unidirectional diuitision, we substitute (16) into (2) to 
give; 
D.2 = 0 , i.e, 	c = constant; 
in other words, 
C = CO + c1x1 	 (ri) 
which means that a constant concentration gradient and a linear 
distribution of concentration exist in such a system if D can 
be treated as constant. For the determination of I) we have to 
msure Q aa iieU 	ucn a case and an arrangement as 
ZOX 
shown in the figure is suitable for the purpose. 
Two large reservoirs I and II containing solutions at 
concentrations Grand C ff (which remain sensibly constant 
during the period of observation) are connected by means of a 
comparatively narrow tube III of radius r and length 1. 
After a certain time, depending on r and 1, ft  steady state will 
be established, varying but slowly with time. If the solutions 
in the two reservoirs are maintained uniform by stirring an 
- 19- .
otherwise. erwise, the concentration distribution in III then 411 be 
as shown in the figure at various times. 
I 	Then 
and Q= 	S ....s...... (19) 
where S is the increase in the amount of diffusing substance 
ml (c1Sc. 
Hence, D = - 	S 	• 	C 	........... (20) 
Amt irrr2  
If I) is concentration-dependent, the stationary concentration 
distribution corresponding to t =is not linear. In such a 
case D obtained by (20) is the integral diffusion coefficient 
20 
over the range involved. If one has to measure differential 
diffusion coefficients at different concentrations, the 
concentration distribution during the steady state along the 
column must be determined, Then I) can be measured as a 
function of 3'- or of C since it is inversely proportional to 
ci)( 
Otherwise differential diffusion coefficient may be obtained 
with the help of equation (10) in conjunction with the measured 
integral coefficient. 
A good example of steady state diffusion is afforded by 
the diffusion of a vapour of a volatile liquid at the bottom 
of a container into air outsjdd it (21), For instance, if 
some volatile liquid, eay ether, is placed at the bottom of a 
vertical cylinder, the vapour diffuses from the surface of the 
liquid to the atmosphere above the open end of the cylinder. 
If the cylinder is sufficiently long and not too wide (to 
avoid convection currents) and the concentration of the vapour 
is maintained zero at the open end by removing the air 
continuously above the top of the cylinder by convection 
current or otherwise, a steady state will be established to a 
sufficient approximation alter a certain length of time when 
the vapour will diffuse into the atmosphere at a constant 
rate, The concentration of the vapour at the liquid surface 
in such a case will be determined by the vapour pressure of 
the liquid at the temperature of the experiment and 1 in 
equation (20) will correspond to the 1ongtI from the surface 
of the liquid to the open end of the cylinder. By measuring 
21 
the amount of liquid evaporating in time t, 0 can be calculated 
by the application of equation (20). 
The Quapi-.tattgnary Sat 
In the example given above,the steady state, however, is 
not maintained to the strictest sense of the term because of 
the fall of liquid level with time due to evaporation and 
consequently change in concentration distribution with time (due 
to increasing t). Such cases are very important in the experi-
mental determination of D and are said to involve quasi-
stationary state diffusion, Equation (16) in such a case 
takes the form: 
0 ............ (21) 
implying that although the concentration gradient may be 
assumed to be constant with sufficient accuracy, it is not 
independent of time, By far the most important application of 
this principle lies in the diaphragm cell method. 
The method consists in having two solutions of different 
donoentrations in two compartments of a diffusion cell into 
which it is divided by moans of a porous diaphragm,usually of 
sintered glass. The concentrations in the two compartments 
are maintained uniform by density or mechanical stirring and 
it is assumed that the process of diffusion is confined to the 
pores of the sinter in which a constant concentration gradient 
is maintained after the establishment of a quasi-stationary state 
(which requires a preliminary period of non-steady diffusion) 
_ 22.. 
to sufficient approximation. If A be the effective cross-
section of the diaphragm, L its effective length (i.e. 
thic1ess), and Cl  and 02 the concentrations of solutions in 
the two compartments (Ciçc2); then equation (1) can be 
written as 
Q = A. (02 - 	r Cl) 1 ,...•......, (22) 
When a quasi-stationary state is established, the 
concentration gradient within the diaphragm will be constant 
to sufficient approximation, i.e., 	Cl 12, while 
L 
it will not be independent of time. 
In such a case when V is the volume of either compartment 
(equal), the rate of change of concentration because of 
diffusion will be given by: 
= A. (C2 .. Cl) L ..,...... (23) cit 	dtV 	 Vi 
substituting from equation 22.J 
In the general case of unequal volumes of the two 
compartments, if VI be the volume of one containing solution 
of concentration C1 and V2 be that containing solution of 
concentration 02, one similarly obt4ns: 
+ () 	(c - Cl) cit = 	0 .,........ 	(24a) 	After 
'Idel + () (01 c,) dt * 0 ....... (24b) trapositn 
Equations 24 a and b may be combined to give: 
d 0 - Ci) + D.A. (j_ + 
li 
	) cit = 0 ........ (25) after 
02 -01 
dividing by V2 and Vi respectively throughout and equating. 
23 
On integration, we get 
log (Cl — C24 = — K.D.t. ......... (26) 
(C — C2)4- 
where ere K 	 2—) ......... (26a) L 	V2 
(Cl - 02)5 and (Ci — 02)i refer to final and initial 
concentration differences between the solutions of the two 
compartments during the time interval t, respectively. 
Equation (26) may be rewritten as: 
D = ?i_ loge (Cl 02)1 




'Ji - Ch 
...s......,. (27) 
whore CJ and CV2 are the final concentrations in the two 
compartments of volumes V1 and V2 respectively after diffusion 
has proceeded for t seconds from a solution of concentration 0 
in V1 to pure solvent in V2. ( c9 = 	+ 	in this 
Vi 
case). 
Since it is not possible to measure A directly, the usual 
practice is to determine K by employing a substance of known 
diffusion coefficient and the method is a relative one. 
L 
can then be calculated from the relation given above if V1 and 
are known. 
Barnes (2)  has treated the problem of diaphragm cell 
without the assumption of a quasi-stationary state i.e. when the 
rate of change of concentration in the compartments is not 
sufficiently slow compared with the establishment of an almost 
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linear concentration distribution within the diaphragm. Under 
ordinary exprimenta1 conditions, the additional terms obtained 
by him in the relation describing the change of concentration 
with time in a compartment are not very significant and may 
be neglected, 
The relative error in concentration measurement 
causes a relative error in measured D and the latter may be 
obtained by differentiating equation (27) • By employing this 
method, Stokes(23)  showed that even when a 2N solution of 
potassium chloride is allowed to diffuse into a iN solution 
of potassium chloride, there may be a tenfold magnification of 
analytical errors, while if the initial doncontrations are made 
closer to obtain differential diffusion coefficients directly, 
the error becomes much more serious. However, if the initial 
concent*ation in one of the compartments is zero, the relative 
error in integral diffusion coefficient rises only slowly as the 
run proceeds and scarcely exceeds 2 	for runs of normal 
C 
duration, 
In the latter case, equation (10) assumes the form* 
- 
D = .) 	. 0. do .......... (28) C 0 
cbere C ff = o and C2- = o.J 
and may be differentiated to yield: 
0 	+ 
do 
0*0900004* (29) 0 
or DD+i.g 
d4rc  
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The elopes .Q or dD can be obtained graphically and differential 
dc a7 
values obtained from measured integral coefficients. 
Both Gordon' and Stokes (23)  have verified equation (10) 
experimentally which confirms the establishment of a quasi-
stationary state within the diaphragm as equation (10) is 
based on that assumption. The latter, in addition, obtained 
excellent agreement between observed and calculated integral 
coefficients with the help of equation (29) and measured 
differential values. 
Mg Stokev-Einstein equation 
On the basis of the osmotic theory, Einstein(25) derived 
Us fundamental equation for diffusion in liquids which leads 
to the famous Stokes-Einstein equation when applied to spherical 
molecules diffusing into a medium of comparatively small 
molecular dimensions. Although the equation is valid only for 
ideal dilute solutions or at very low concentrations in real 
systems where the osmotic law is obeyed, it is considered 
necessary to give a brief account of the same as it leads to 
some very important relationships incorporating the relation 
between diffusivity, viscosity of the medium, temperature and 
geometry of the diffusing molecule. 
If C be the concentration and p the osmotic pressure at 
the plane . in a diffusion cylinder of uniform cross-sectional 
area A. the force on the solute particles at the plane 411 
be: Ap. in the positive and negativex -directions when only 
unidirectional diffusion is considered. 
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Similarly, at the plane x + x, the force on the 
solute particles in positive and negative x-directions will 
be: A(p+èp). 
Therefore, the resultant force on the solute particles 
in the volume element A S  bounded by the planes x and x +) x 
will be -A )p in the positive x-direction, i.e. in any plane, 
the force on the solute particles present in unit volume in 
the positive x-direction is given by the osmotic pressure 
	
gradient - 	= - ; 	the negative sign implying that 
Ax 
the diffusion takes place in the direction of decreasing 
osmotic pressure. 
For an ideal solution at high dilutions, we have, 
p = CRT in usual notations ...... (30) 
i.e. 	RT. 1c .......... (31) 
when C is expressed in moleE per c.c., the number of 
solute particles in unit volume is NC where N is the 
Avogadro number. 
Therefore, the force acting on each solute particle: 
c 	 / 
.......,. 32; 
This force tends to drive the solute molecules in the 
direction of lower concentration and therefore to wipe 
out the concentration gradient. It is opposed by 
the farce of friction between the solute molecules 
and the solvent. If the solute molecules are large, 
this force of friction may be approximately 
calculated from Stoke's i(26) which gives as the opposing 
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force, 
61rVrv ............ (33) 
where 47 is the viscosity of the medium (solvent), r and. v are 
the radius and the velocity respectively of the diffusing 
molecule (i.e, solute, assumed serioal). 
At equilibrium the two forces given by equations 32 ath 33 
are equal, 80 that, 
6rrr u 	= - 	 •••.•••••• (34) 
N C 
or, 	V_c 	- 	.1 	 ,••••,,••• (35) 
N6x 9yr 
But tto xt: the total number of molecules crossing a unit area 
in unit time = - 0 . 	from eqution 1. .......... (36) 
,'. 
combining (35) and (36) we get, 
0 =  ........... (37) 
the equation, commonly known as the Stokes-Einsn equation. 
It is a:parent that the equation is valid only for the systems 
obeying 	ks's law as well as vent Hoff law of osmotic 
pressure. 
In spite of these limitations, the above leads to some 
very important relationships which are as follows 
(i) 
	
	At the same temperature, the diffusion coefficient of 
the same solute in different solvents should be inversely 
proportional to the solvent—viscosity i.e. D 11 should 
be constant for constant T. 
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At the same temperature, the diffusion coefficient in 
the same solvent of different solutes should be inversely 
proportional to the solute-radius i.e. Dr should be 
constant for constant T. 
For any system, the product D11  should be constant 
provided that r does not vary much with temperature 
(as is usually the case). 
)ie iyz'ing relation 
Recently Eyring (19) has applied his theory of absolute 
reaction rates to the process of diffusion and has obtained 
the following relation:  
	
S 	 •SS•SS*SS 
where Al. is the perpendicular distance between two neighbouring 
layers of molecules sliding past each other; 
A  is the distance between neighbouring molecules in the 
direction of flow; 
is the intermolecular distance in the plane normal to 
the direction of motion; 
k is a constant; 
and 	is the viscosity of the medium. 
It is seen that the factor 	R 	in the Stokes-Einstein 
67T Nr 
equation is replaced by k.__ in the Eyring equation. 
A23 
These two faCtors are of the some order of magnitude and from 
the data available, it is difficult to say which one is 
preferable. A particle as large as gold aol obeys the Stokes- 
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Einstein equation closely, but the Eyring relation is probably 
nearer the truth when diffusion of molecules of similar sizes, 
e.g., in self-diffusion, is considered. 
Mean d.sDlacement of a diffusing particle 
It will be of interest to estimate to what distance a 
diffusing particle will travel during a given time. As the 
molecular velocities differ so much, a mean value has to be 
obtained and will be particularly useful in calculating the 
amount of colute passed into solution given a certain time of 
contact. From such calculations, the time of contact may be 
varied to give maximum advantage. 
Let be thr mean displacement of molecules or particles 
in the directionx, parallel to the axis of a cylinder of 
uniform cross-section a in which diffusion is taking place, 
in a short interval of time t. 
Lot planes B, F, and G be separated by a distance & and 
be the mean concentration of the solute in the space between 
planes E and F, 02 that between planes F and G 
Since displacements in all directions are equally probable, 
only half of the molecules have positive displacements, and 
in time t, the mean displacement in the positive 
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-direotion = 
and the mean displacement in the negative 
)(-direction 
2 
Therefore, the amount of solute crossing plane F in time t: 
= A. C3. 	Q2 = &. A. (CI -02),.... (39) 
2 	2 
since is small, 
'21 c = (9i 22 	 (40) 
From (39) and (40) we get, 
	
. 	. 	.. . .... .. (41) 
2 
When the amount Q passing through unit area in plane F in 
unit time is considered, equation (41) becomes, 
Q = -ó.c 	 (/+2) 21; * 
But from equation (1) we have, Q = -D., and leads 
to: - - - 
2t 
known as Einstein's general law of the particle. When the A. S 
are not all equal, as is the case, equation (43) should be 
written as: 	 - 2 
a*.**iS.. (44) 
giving the average of the squares of displacements. 
The equation is valuable in estimating the depth to which 
a diffusing substance will penetrate into a given medium during 
time t. Furth(27)  has shown a remarkable agreement between 
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the observed and calculated displacements on the basis of 
Perrints(2 measurements with gamboge particles. 
pifgon rrom a apberjeal shej. and from a hollow, gtylinder  
So far diffusion has been considered through a constant 
cross-section of a column only. In practice, cases are 
encountered when diffusion takes place from a spherical shell 
as in mass transfer involving bubbles or from a hollow 
cylinder. In the former case, the cross-section for diffusion 
increases with the square of the radius and when a substance 
is diffusing in the direction of increasing radius, concentration 
varies inversely as the radius for 	varies as. For ry 42 
steady-state diffs1on, Barrer 	has obtained following 
expressions in the two cases. 
(i) The $thericai Wej: 	if the shell extends from radius 
rl to z'2 and if at r1  and r2 the stationary concentrations Cl  
and C2 are maintained, the steady-state concentration C at 
any value of r is given by: 
C 	+ r2 (r 	r) (02 - Ci) •......... (45) r (r2 - r1) 
and the flow per unit time per unit area of the shell is 
given by, 
= (02 - Ci) . iii• 	1 Ar 	 -. 2 	 •...,... (6) I r 
In the limiting case, when z'2 - 	= Sr1, equation 
(46) passes into the expression for a plane layer: 
- Cl 	........,. (47) - 	02 
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which means that if the thickness is small compared with 
radius, the layer can be treated as a plane to sufficient 
approximation. 
The quantity Q diffused in time t is given by: 
Q = 47TD, (Cl 	C2) r1r2 • 	•,,,,,•••• (48) 
(ii) The hollow Qylj.ncler: 	For this case, one obtains, 
C 	Cl 
loe"l- 	
log 	+ C1ogl'. Cilo!'! 
,......... 
108r1 - 1091' 
and -be 	C-c2 	•1 
2) ••.,,....... (sO r lQ1gr2 r 
when v2 -rl 	r1, as before, 
C -c,. 
21 i' ' ________ 	•.•.,•.,w. (51) 
And the quantity Q diffusing through unit length of the cylinder 
in time t is given by: 
Q 	211D(C2-C1)t 
1 	 ,........, (52) 




Diffusion-and Mass Transfer 
Diffusion has been considered so far from a purely 
physical point of view only. In this section an attempt 
will be made to correlate diffusivity with mass transfer 
rates with special reference to the unit operation of gas 
absorption. While doing so, the consideration will be 
confined to the physical process of mass transfer without the 
complicating effect of chemical reaction or heat transfer 
within the system. 
The Theory of Lewis and Whitman 
As noted before, the earliest theory describing the 
process of absorption is that of Lewis and Whitman 
incorporating the following ideas 
Existence of two fluid films at the interface 
assumed to be stagnant or in streamline flow. 
Passage of material through these films only by 
stationary molecular diffusion. 
Assumption of complete homogeneity in the bulk of the 
fluids, the resistances encountered in these phases being 
incorporated in the respective equivalent film thicknesses. 
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(/+) (4) Absence of resistance to transfer at the interfaces  
Principle of additivity of resistances. 
On this basis, they obtained: 
11 = k (C - C) = kQ (p 	pi) ......... (53) 
where 11 is the rate of mass transfer, kL and kG are the liquid 
and the gas film coefficients respectively, i's refer to 
conditions at the interface and small letters to those in the 
bulk of the fluids. In terms of overall coefficients: 
R = KG (p - 	= KL ( C0 	C) •......... (54) 
whore KG and EL are overall mass transfer coefficients 
expressed in terms of partial pressure and concentration 
respectively and e's refer to conditions in equilibrium with 
bulk phases in the other phase. If Henry's law is obeyed, 
equations (53) and (54) lead to: 
dL+ 4 ........... (55) 
and 	1 - 1 + 1 	 (56) - - 	 0 0 0 S * • S 0 0 0 
KL k1 HkG 
where H is the Henry's law constant,.,L andJ are overall
AG  
resistances in terms of partial pressure and concentration 
	
respectively, 1 and.L gas film resistances, 3. 	and 
HkG 	 kL  
...L liquid film resistances. 
H kL 
It is evident that if ii is large, i.e., if the solubility 
of the gas in the liquid is low, the rate is controlled by 
liquid film resistance and if H is small, the rate is controlled 
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by gas film resistance. For gases of intermediate solubility, 
both film resistances are to be taken into account. For gases 
of sufficiently low solubilitie s it follows, the gas film 
resistance is negligible and need not be taken into account 
in calculations. In order to study the mechanism of mass 
transfer in the liquid phase, therefore, it is necessary 
to choose systems of comparatively small gas solubilities. 
In such a case, comparison of equation (53) with (1) will show; 
	
k1 	.... ....... (57) 
S 	 / 
where D is the diffusivity of the gas in the liquid and is 
the equivalent liquid film thickness. If both D and kL 
be known or experimentally measured, S  can be calculated to 
examine the implications of the Lewis-Whitman theory. 
The Penetration Theory 
It was Higbie 	who first criticised the Lewis-Whitman 
theory on the following ground: 
Since at the instant when the gas and the liquid are 
brought together the liquid film contains no gas, a certain 
time is necessary for the penetration of the liquid film by 
the gas before a steady state is ab1ished 	This penetration 
period in eerttin types of absorption equipment may exceed 
the time of contact and invalidate the predictions of the film-
mechanism. 
The above demands that the shorter the period of exposure, 
the greater the rate of mass transfer. Experiments, however, 
showed progressively greater deviation from this behaviour 
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as the period of contact was shortened indicating the presence 
of some sort of extra resistance at the surface. This casts 
doubt as to the establishment of equilibrium at all the points 
of the interface between the two phases. 
(3) In the three types of absorption equipment considered, 
evidence was presented to show that the liquid was effectively 
still in all the cases and exposed only for a limited period 
due to systematic surface renewal. 
A new mechanism was proposed whence it was contended that 
although in absorption the laminar layer is always present, 
the liquid surface is continually renewed according to some 
mathematical relationship. The rate of passage of the gas 
into the liquid surface is not infinitely rapid and therefore 
it is quite probable that the steady-flow conditions are 
never reached in conventional absorption equipments. From 
these considerations, the following relationships were proposed a 
H 	2(Cj-C)[j_ 
J Ft 	 ' ) 
and kL = 2[ 
I 	..c........ (59) 7 
here t5  is the time of contact. He also considered the 
probability of the gas undergoing a "first order process" while 
passing through the surface on the assumption of the absence 
of equilibrium at the phase boundary. He found the "first 
order process" analysis as consistent with the then existing 
data on periodsof ten seconds or more as his own penetration 
theory incorporating non-stationary diffusion. 
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The e Theory of DnoIwert 
Since existing data fitted quite well with the film theory, 
Higbie's ideas were not considered very significant until 
Danckwerts(12)  referred to them in connection with his proposal 
for a new mechanism of gas absorption based on similar reasoning. 
The latter contended that it is very likely that the liquid 
at the surface is continually displaced by fresh liquid 
carried to the surface by turbulent eddies. It was further 
assumed that the probability of replacement of a surface 
element is the same regardless of its age, i.e., a statistical 
distribution was attributed to the periods for which an element 
of liquid stayed at the interface. The element, however, is 
assumed to absorb at the same rate as a stagnant surface during 
its exposure. If S be the rate of surface renewal, i.e., 
the fraction exposed per unit time, according to Danckwerts: 
R = (c - c)J1T .......... (60) 
and kL 
 = f—DS 
.......... (61) 
For non-reacting solution, Danckwerts and Kennedy determined 
S to be 0.8/ second. 
Comparison of the theories of Lewis-Whitman.. fl&gbie and 
Dung 
It is interesting to note, however, that the theories of 
Lewis and Wbitmant Higbie, and Dnck'werts although different 
in their way of derivations lead to closely similar predictions. 
The reason for this lies in the fact that the terms in their 
equations which can be measured directly with sufficient 
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precision are identical, while those which are fundamentally 
different cannot or have not been measured with sufficient 
precision up to the present to prove or disprove one or the 
other. All of these mechanisms allow of a thin film of liquid 
at the interface but differ in the rate of its renewal which 
is nil for the first, systematic for the second and random 
for the last, While Lewis and Whitman visualise a turbulent 
core beneath a stagnant layer, Higbie and Danokwerts maintain 
the liquid to behave as a still one as far as the process of 
absorption is concerned. The most important difference, however, 
lies in the tact that the Lewis - Whitman model assumes the 
instantaneous establishment of equilibrium at the interface 
giving rise to steady state diffusion whereas the latter 
models maintain an 6nsteady state to exist initially which 
may be continued because of surface renewal. That is to may, 
to start with, at least, the absorption takes place on a 
fresh surface. This is the weakest point of the film- 
mechanism as experiments on diffusion show an initial period 
required for the establishment of equilibrium before a steady 
state is reached. It muit be added, however, if the rate 
of surface renewal is nil or sufficiently slow, the steady 
state will exist after an initial penetration period, the 
relative importance of the two depending on their relative 
magnitudes. 
The limiting factor in the Lewis - Whitman mechanism i 
the thickness of the stagnant liquid film while that in 
the later models is the time of contact, both of these 
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conceptions are quite compatible with the observations, the 
difference lying only in the way of explanation. 41 these 
theories agree as to the principle of aitivity of resistances, 
if existent. 
'First order irooes8' theory 
The idea of the gas undergoing a 'fi;st order process' 
at the interface oven in the case of non-reacting systems is 
not entirely improbable. In fact, the kinetic theory demands 
that there should be a definite upper limit to the rate at 
which initial absorption takes place depending on its 
temperature and pressure and the area of the liquid surface. 
iiiyamoto(30) derived an equation based on the assumption that 
only the molecules whose velocity-components normal to the 
surface is higher than a critical value can enter the liquid 
surface. His experimental results on absorption agreed with 
that equation. As noted before, Higbie also found this 
'first order process' analysis applicable to his results. 
Matsuyama 	carried out some experiments on the absorption 
of carbon dioxide, sulphur dioxide and hydrogen sulphide in 
a jet type of absorption column with contact time of about 
.01 second to find that his results agreed approximately 
with the theory only after allowance was made for the occurence 
of a first order process, Even Danokwerts and Kennedy (12) 
on the basis of their measurements of transient absorption 
rates of carbon dioxide in water were forced to conclude that 
there was a substantial surface resistance to the absorption 
of carbon dioxide into water, the concentration of dissolved 
- 40- 
carbon on dioxide at the surface being less than the saturation 
value. In such a case there was a definite upper limit to 
the rate of absorption K30 , where K3 is the "surface 
mass transfer coefficient" and C is the saturation 
concentration of dissolved gas in liquid. A low accommodation 
coefficient was accounted for such surface resistance returning 
to the idea of Niyanioto. 
I 
Xnp1ioation of the-yarious absorption _mechanisms 
Coming to the quantitative implications of the three 
models, a glance at equations (57), (59) and (61) will show 
that the liquid film transfer coefficient k is represented 
by three different factors in the three mechanisms; 
kL 	2JTiI = 	........... (62) 
It is seen that kL is proportional to I) in the '&itman 
model while to J—D in the other two. Experimental evidence, 
however, is not very definite in this connection. Sherwood 
and Pigford 6 , although recognising the uncertainty due to 
lack of precision in the values of D for liquid systems, used 
a value of 0.5 as the exponent of D in *elation to kL on the 
basis of data taken with hydrogen. U.) Denton, Gaskill and 
Putnam (32)  found the power on 1) to he 0.67 whereas for laminar 
flow EuckeP3 determined it to be 0.66. For turbulent flow, 
King(34)  gave a value of 0.75, while Hammerton and 
determined values of 0.41 and 0.55 for bubbles of 0.3 cm. 
and 0.6 cm. diameters respectively. Rates of solution of 
solids in liquids, according to Dnckwerts (12), point to an 
exponent of 0.5 for diffusivity. 
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The he situation is a little complicated because of the lack 
of knowledge of the values for S, t5, and S as well as the 
inavailability of sufficient data on diffusivities and absorption 
rates to check thee relations. It is doubtful, however, if 
the determination of :n and kL will simplify the problem to a 
very great extent as S itself has been found to depend on 
diffusivity in mass transfer between solids and liquids. 
In such systems, where it is recognised that a true boundary 
layer exists, it has been found that mass transfer coefficient 
is proportional to the square root of diffusivity (12). That 
is to say, if 6 is proportional to the square root of diffusivity, 
as is quite feasible, all the three models will lead to the 
same relation between kL and 1), and this line of attack to 
the problem will lose a good deal of its force. 
Applications of the experimentally determined values offland kL 
In spite of these limitations, determinations of I) and kL 
for a number of systems may be utilised in a number of ways. 
For instance, from the knowledge of these properties 5 , t 
and S can be calculated for all these systems by substitution 
in the appropriate equation and compared. Although a direct 
measurement of S does not seem to be an easy affair, that of 
to  and S is quite possible. In fact, Dnek'werts and 
Kennedy(12) have estimated S in their experiments for the 
water-carbon dioxide system by the rotating drum method and 
the time of contact is definitely known in absorption 
experiments carried out in this laboratory with a special type 
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or jet(36). These data should serve as additional checks on 
these relationships and be able to furnish some very useful 
information. 
An attempt can also be made to visualise the thickness of 
surface film in absorption equipment as far as possible. 
When kL  and 1) are known, S can be calculated with the help 
of equation (57) and should prove a valueable guide in the 
examination of various mechanisms of absorption. Variation 
of those properties with temperature, as well as the exponent 
of 1) witch is necessary to define the relationship between D 
and kL may also be utilised to interpret the dependence of 
on the various variables in the system. On the other hand, 
equation (44) in conjunction with the measured values of 
diffusivity may provide a means to calculate the average 
distance to which a diffusing particle will penetrate in a 
given time of contact. This information, coupled with the 
mechanical feasibility of various thicknesses, will shed some 
light on the problem of the magnitude of stationary ot non-
stationary state existent in gas-liquid absorption. 
Finally,, this analysis will be of value in cases where 
only D for a system is £nown. In such a case, values of kL 
may be predicted for various times of contact, or for various 
film thicknesses, or for various rates of surface renewal 
by the application of an appropriate equation and the equipment 
most suitable for the purpose chosen, 
j 
A--new diffusion coefficient 
It will be useful to note, however, that throughout this 
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analysis differential diffusion coefficients at infinite 
dilution will not be employed, as they are considered 
inapropriate for such applications, Instead, diffusion 
coefficients calculated on the basis of diffusion from saturated 
solutions to pure liquids will be used. A little thought will 
show that as in practice, usually absorption takes place from 
a pure gas (effectively at any rate, as gas films are neglected 
in systems of the type under consideration) to a pure liquid, 
the latter way is nearer the truth and therefore preferable. 
In other words, it is assumed that in absorption equipment, 
diffusion takes place from saturated solutions to pure liquids 
initially, and therefore a similar diffusion coefficient will 
lead to a more precise representation of the relationship 
between the two. For this purpose, a new technique for the 
measurement of such diffusion coefficients is developed and 




A review of the iteratiwe for the methods of determining 
diffzeivit in 1icuz4s. 
General 
Diffusion in liquid systems was first observed by 
Parrot (37)  as early as 1815. Since then numerous methods have 
been designed to measure diffusivity in liquids and it is only 
relatively recently that metods of reasonable accuracy have 
been developed. The presence of mass flow, lack of very 
accurate analytical methods, difficulty in the computation 
of diffusivity from rate measurements and very close control 
of temperature required have all been responsible for the 
efforts required in this direction in the course of the last 
hundred years. In this section the literature has been 
reviewed for the methods developed so far. A classification 





Tracer methods, and 
Methods of estimation. 
_ 45 - 
;]4 meto.s 
It was Grahtm(38)  who initiated the quantitative 
study of diffusion in liquids. He developed the method of 
layer analysis for measurements of diffusion coefficients which 
lent itself to a mathematical interpretation. A similar 
metiod, employed by Bei1tein(391  coneited in placing a 
cylinder containing the solution and closed at its bottom 
end in a large vessel filled with the solvent up to a level 
slightly above the top end of the cylinder. The diffusion 
coefficient was calculated from the knowledge of the diameter 
and height of the cylinder, the initial concentration of the 
solution and the measurement of the final concentration of the 
solution after diffusion has proceeded for a known time intervaL 
The difficulty which arose due to mixing which 
occurred at the beginning of an experiment when solutions of 
different concentrations were brought together and the 
conclusion when the different portions of the solution were 
separated for analysis was solved by SohuhJneistex'0 he 
introduced a shearing mechanism for forming a sharp boundary 
initially and for removing samples for analysis with minimum 
of mixing. His method consisted in sliding an inverted 
cylinder, containing the solvent and fixed on a frame, over 
another lower cylinder containing the solution to start the 
diffusion. At the end of the experiment, the upper cylinder 
was slid back and the contents of the two analysed. 
J modification used by von Wogan 	consisted of 
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eight glass plates with a two centimetre hole in the centre 
of each instead of the cylinders. These plates fitted into 
a frame and when the holes were lined up formed a diffusion 
column the layers of which could be removed at will and analysed. 
Oholm0 used this apparatus in his later work but had only 
four plates of brass which were carefully ground so that 
Stefan'a tables 	could be utilised. This gave more 
consistent results per layer than the older methods. The 
results obtained by these methods, however, cannot be interpreted 
to lead to either integral or differential diffusion coefficients, 
as has been pointed out by Hartley and Runnicles 	, if 
the variation of diffusivity with concentration is large. 
The same is true for other works in which 	tables are 
used. 
Fick(45)carried out diffusion measurements by immersing 
a series of cylindrical tubes to half their length in a 
saturated salt solution. The upper half was then filled with 
water and the concentration distribution within the tubes at 
various time intervals was determined with an hydrometer. 
Griffin(46) improved this apparatus by placing several tubes 
through a partition which divided the upper and the lower 
halves of a box-like container. The partition served to 
separate the solution from the solvent except inside the 
tubes where diffusion took place. The method has the dis-
advantage of interference with the process of diffusion. 
Quite a useful way of forming a sharp boundary between a 
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solution and a solvent initially is to allow the denser 
solution to flow under the lighter one. Schaffer (47)  improved 
this method of Graham by using a pipet with a stopcock at 
the top to facilitate introduction and withdrawal of 
solutions with less mixing. Arrehenius(48)  modified this 
apparatus still further by introducing a mercury layer at the 
bottom of the apparatus to assure a flat surface and a cork 
was used for the insertion of the pipet. Experimental 
conditions were made suitable for the use of Stefan - 
cawalici 	tables. Svedberg 	found this method to lead 
to results comparable with those obtained ultrainicroscopically. 
Some of the difficulties inherent in free and restricted 
diffusion measurements were avoided by Clack (50) who employed 
a steady-state method which was developed by him to a high 
degree of accuracy. The vessel containing the solution 
was immersed in a larger container of solvent and then 
suspended from the arm of a balance. The loss of weight of 
the solution vessel with time was recorded. The establishment 
of the steady state was inferred from the uniform loss of 
weight and the integral diffusion coeffioiqnt computed from 
the value of this loss, the density of the solution, and the 
cross section of the diffusion vessel. In his later 
experiments, be reduced the time required for the establishment 
of a steady state by using a battery of short tubes of small 
diameter 'without sacrificing the sensitivity of the method - 
I a step towards the recent diaphragm cell method. 
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Qti2a1 methods 
Optical methods for the determination of diffusivity 
are by far the most numerous and have the advantage of following 
the rate of diffusion without causing any disturbance in 
the system. As early as l$OO, Wollaston(51)  showed the 
possibility of a relationship between the refraction of light 
and the concentration of different layers in a column of liquid 
and this relationship was formulated mathematically by Wild 
and immier(52) . 	Go.uy 	has also described the 
propagation of light waves through a column containing a 
solution whose concentration vary with height which is 
fundamental to all the optical methods for the determination 
of diffusivity. 
Wiener(54) was the first to use an optical method for 
the experimentaltermination of diffusivity. Light of a 
definite wavelength was allowed to pass through the diffusion 
column and the interference bands were recorded photographically. 
As the diffusion proceeded, the centre of the band was 
deflected and the displacement was measured by means of a 
catbetometer. From the relation derived for the concentration 
and the displacement of the interference band, the diffusivity 
was calculated. 
Wiedeberg 	, 	 and Tiseliva 6 followed 
diffusion by measuring the absorption of light by the diffusing 
solution. The last measured the concentration of proteins in 
a diffusion column by photographing the solution using light of 
a wavelength absorbed by the protein but not by the solvent. 
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The extent of blackening of the photographic plate showed the 
extent to which diffusion had proceeded. 
Several optical methods were investigated by overt(57) 
including one in which he obtained the gradient curve traced 
directly in rectangular co-ordinates with the aid of a 
cylindrical lens, He modified Wiener's apparatus by using 
a better source of light with collimator and by measuring 
the maximum displacement of the interference band with time 
with the aid of a micrometer ocular. His curves compare 
favourably with those obtained by more recent optical. methods. 
Heimbrodt 8  improved Wiener's method by sharpening 
the distorted image of the alit by employing a narrower alit 
placed against the diffusion eell at an angle of 45
0 . 
Change in the intensity of colour of the diffusing solution 
and the formation of precipitates in gels was utilised by 
Bechho].d and Ziegler(59) to follow the progress of diffusion. 
Clack(50) employed a diffusion oh*nel of rectangular 
cross-section and followed the progress of diffusion by an 
optical arangement similar to that of Tho,ert 7 . By this 
apparatus he was able to measure the refractive index gradieit 
at different levels in the column and hence the differential 
diffusion coefficient as a function of concentration. His 
work thus lead to the differentiation between integral and 
differential diffusion coefficients as also to the elimination 
of some of the defects of optical systems when applied to free 
diffusion as the change in refractive index with height in the 
steady state is much slower. 
* 
3vedberg 	developed a. very ingenious method for the 
measurement of diffusion of proteins by utilising the fact 
that when two solutions of different concentrations are 
placed in contact without mixing, a sharp boundary is present 
between them initially which is increasingly blurred with 
time due to diffusion. This can be determined quantitatively 
in many cases. 
A microscopic method was applied by Weetgren 	who 
investigated the diffusion of gold and selenium sole. His 
cell consisted of a microscopic slide and a cover glass. 
The sol was thrown to the bottom of the cell by centrifugal 
force, the apparatus was then placed under the ultramicroscope 
and the diffusion was followed by counting the number of 
particles at different heights over suitable time intervals, 
The "blurring of the boundary" method was applied to 
dyes by Furth 	who used a colorimetrie standard to follow 
the progress of diffusion. The cell, having a partition to 
separate initially the solvent from the solution together with 
the comparator chamber was placed in the field of a microscope 
and diffusion was started by removing the partition rapidly 
by means of an electromagnet. With the help of a narrow slit, 
the microscope could be focussed on a layet of solution whose 
concentration was the same as that of the reference liquid 
and from the height of such a layer and time, the diffusion 
coefficient was calculated. A microdiffuvionmeter has been 
described by him in a recent paper. 
Lamm(61) employed a scale method wioh had previously been 
used by Littlewood(62). His method consisted in photographing 
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a transparent scale through the diffusion colunn, the 
distortion of the transparent scale giving the extent of 
diffusion. Later he used a slit method in which the height 
of the diffusion cell, the concentration at which will let 
a beam of light pass through two fixed slits was utilised. 
Zuber 63 has used a micro-method in which the total 
reflection of light by a layer of solution of definite 
composition and therefore of definite refractive index is 
utilised to follow the progress of diffusion of colourless 
solutions (just as a colorrnetric standard is utilised in 
I'urth's method), Dean(96) later modified this apparatus 
and recorded the results photographically, 
.n interference method coupled with a very sharp boundary 
between the solution and solvent initially was employed by 
Pilpot. 
Interferometria concentration determinations have also 
been used by aogener' and by Calvet and Chevalerias. 
A twin diffusion cell was employed. The double-slit of the 
interferometer was perpendicular to the (direction of) 
concentration gradient in the former's experiments while it 
was parallel to it in the latter's. The former obtained 
two sets of interference fringes, that produced by the uniform 
solution in the comparison cell serving as the reference 
mark. The diffusion cell could be displaced vertically by 
means of a micrometer screw. The diffusion coefficient was 
calculated from the known value of the ditanoe between the 
slits and the displacement of the interference fringes (i.e. 0 
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the change in concentration) with height. 
In Calvet 's experiments, a system of interference 
patterns was obtained representing for every value of the 
height of the diffusion cell the difference in refractive 
index with the liquid in the comparison cell. A part of these 
patterns, corresponding to a narrow vertical alit was photographed 
on a continuously rotating drum giving the relation between 
time and concentration. 
A quantitative theory of the interference method suitable 
for the evaluation of diffusivity was given by Kegeles and 
Gosting 6  which was tested experimentally by Longsworth(6 ). 
The latter found his results to agree with the theory with an 
average deviation of 8.15% only. The theory was farther 
tested and improved by Gosting and 4orria 66), 	y the  same 
method, Goating later obtained results on aques potassium 
chloride diffusion which agreed within 0,1% with those obtained 
by iarned and associates with conductivity method(), 
Kraus and Tye 9) have described an apparatus in 'which 
the cell itself acts as a cylindrical lens. It is capable 
of giving diffusion coefficients of liquids with an accuracy 
of a few per cent, but at low concentrations the apparatus 
is not very sensitive because of small changes in the 
refractive index of the system.  
English and 1)010(70) have measured the diffusion coefficient 
of sucrose in highly concentrated and supersaturated solutions  
by both the Schlieren(71)  and the GOiy(66) (67) (72) methods 
and found the latter to be more accurate, 
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Electrial mtho6a 
Electrical methods have been employed for measurement 
of concentration along a diffusion column in systems containing 
electrolytes in solution* 	 arranged a cell in such 
a way that the potential difference between a metal and its 
ions in different layers of a diffusion column could be 
measured. He also measured the conductivity between two 
boundary layers as the material diffused. Niemoiler) 
measured the change in conductance through a capillary tube 
containing the solution of a diffusing electrolyte, 
Electrical conductivity between pairs of electrodes 
spaced at intervals along a diffusion column was measured by 
Haskell, Since the diffusivity of electrolytes generally 
increases with dilution, it was contended that ions move 
faster than undissociated molecules and the frictional 
resistance encountered by the former is lower. 
A conductance method for the determination of differential 
diffusion coefficients of electrolytes was developed by 
Harned and French( 	which was later improved by the former 
and his associates to a very high degree of accuracy. A 
1iseliue type of cell of lucite consisting of two symmetrical 
parts, one sliding over the other, was used and values of 
diffusion coefficient of a number of electrolytes at various 
concentrations were determined. The results obtained were 
the first of sufficient accuracy in very dilute solutions and 
those obtained for the diffusion of potassium chloride in 
water have been found satisfactory for the calibration of a 
diaphragm diffusion cell. 
- 
Northrup and Anson 	have devised an apparatus for 
diffusion measurements which has the advantages of speed and 
simplicity, it consists of two chambers separated by a 
horizontal porous diaphragm of glass. One of the chambers 
contains the solvent while the other contains solution. By 
maintaining the solutions in the chambers uniform in 
concentration by some sort of stirring (density or otherwise) 
the process of diffusion is confined to the pores of the 
diaphragm. A high concentration gr:dient may be maintained 
thereby reducing the time of experiment and the process may 
be treated as a steady state one if the volumes of the two 
chambers are sufficiently, large compared to the volume of the 
pores of the diaphragm.:. :The porous diaphragm helps to reduce 
error due to convection and vibration. Since the effective 
size of the pores is not known, the apparatus has to be 
calibrated with a substance of known diffusion coefficient 
and hence the method has the limitation of being a relative one. 
The porous diaphragm method was further improved by 
MøBain and his associates() who showed that the results 
obtained by this method were reproducible to within a few 
tenths of a percent and were independent of the nature and 
porosity of the diaphragm. 
Hartley and Runicles 	studied the variation of mean 
diffusivity of potassium chloride solutions with concentration 
employing a tilted diaphragm cell which had glass spheres of 
appropriate densities to touch the diaphragm surface in both 
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the chambers, The cell was rotated to stir the solution 
and concentrations were determined conductometrically. 
The problem of calibrating a diaphragm cell and the 
variation of diffusion coefficient with concentration has 
been discussed by Gordan(24). 
If filter paper is used instead of a sintered glass in 
the diaphragm diffusion cell, the time required for an 
experiment is considerably reduced and the method is suitable 
for systems requir*ng quick determinations. Gage(78)  has 
used such a coil and found the standard error of the mean of 
six eperiinents to be about 1.5 per cent. 
The dtaphrag cell technique has been improved considerably 
(23) 
by $takep I  who showed the limitations of the "density 
stirring" which make mechanical stirring essential for 
diffusion measurements by this method* re employed 
magnetically operated stirrers in his cell* the speed of 
which was also shown to affect the results. He discussed 
the problem of calibration of such a cell and compared hi 
results for potassium chloride solutions with those of 
Barned and his associates 	showing very good agreement. 
At higher dilution than .05N of potassium chloride, however, 
his results were higher. This was ascribed to surface 
transport effect on the pores of the diaphragm as shown by 
rsels and I4c3ain(79) 	Later, the technique was applied to 
a number of systems by him and his associates and the results 
obtained were compared with those obtained by the Gony method 
showing substantial agreement. 
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Smith and &terrow(20) redetermined the optimum rate of 
stirring and the time required for the attainment of equilibrium, 
i.e., the steady state in the diaphragm before actual measure-
ments should begin in that method. 
Robinson and Dre(80 have employed radioactive isotopes 
for diffusion measurements and found that the technique gave 
better results than any of the previous analytical methods. 
It was assumed that the radioactive isotopes behaved in the 
same way as the non-radioactive onesin spite of a slight 
difference in mass. With this teci:nique, it was possible 
to work with solutions of ). 3M concentration without much 
difficulty. 
Measurements of self-diffusion of water by using deuterium 
as the tracer were made by Orr and But].er(81), by Anderson and 
Saddington(), by Wang (83) and by Graupner and Winter (84), 
The lust two employed a diaphragm cell and used 180 as 
tracer as well to verify the results, Wang also employed 
the tracer liquid in a narrow capillary to verify his diaphragm 
cell results and concluded that the rate of stirring in the 
diaphragm een does affect the measured diffusion coefficient. 
Isotopic labelling of an ion in a diaphragm cell was also 
used by Nielsen, Adamson and Cobble(85) who confirmed the 
findings of Stokes (23)  as to the surface transport phenomenon 
at high dilutions in such a cell. 
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Methods of estimation 
Arnold (86)  has applied the kin-3-tic theory of gases to 
diffusion in liquid systems. He derived an empirical 
relation for the estimation of diffusivity in liquids: 
D = 
A1A2 	hl 2 
where Al, A2 and B are cnnstants; M1 and N2  are the weights 
of the substances involved Z2 is the viscosity of the solvent 
in centipoises at 200C and S is the sum of the cube roots 
of the molecular volumes of the solute and the solvent. 
The equation has been applied to calculate diffusion coefficients 
of many systems for which data are not available and has 
been fond useful in many cases. Trevoy and Drickamer(8)  
found their experimental results to agree with those given by 
the Arnold equation. 
On the basis of relations suggested by the Eyring theory 
of absolute reaction rates )and the Stokes - Einstein equation 
(Part II), Wilke(88)  has developed a method for the estimation 
of diffusion coefficients in liquids through the group 
F = T where T is the absolute temperature, 17 is the 
viscosity of the solvent and D is the diffusion coefficient, 
which is considered independent of temperature for a given 
solute-solvent system. For the diffusion of various solutes 
in a given solvent, F was treated as a function of the molal 
volume of the solute. 	Observed data for the diffusion of 
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various substances in water, methyl alcohol, benzene and 
fourteen other solvents were compared with the calculated 
values and an average deviation of ten per cent was found, 
Another method for the estimation of diffusion coefficient 
in liquids was developed by Othmer and Thaker, Their 
relations are: 
Dw X iO = 	14.0 	for diffusion in water, 
/4i.l Vm06 
and 1) x 105 	 14.0 	for diffusion in 
11 LslL\')v 61(2 	other solvents 
where/'is the viscosity, L is the latent heat of vaporisation 
and Ym is the molecular volume of the solute. The correlation 
is based on experimental data from widely varying sources, 
and some assumptions. A nomograph is given which is useful 
with dilute solutions. 
Although it is more than one hundred years since 
experimental work for the determination of diffusivity in 
liquids was started, elaborate methods of sufficient prevision 
have been developed only relatively recently. Out of the 
continuous efforts of numerous workers have emerged three 
distinct methods the conductivity method, the diaphragm 
cell method and the so called Gouy method - the accuracy of 
which, if applied to a pro pr system, leave little to be 
desired. The development of the conductivity method to its 
present state of precision is duo to Harned and his associates 
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and is applicable to the diffusion of electrolytes at low 
concentrations, The diaphragm cell method, on the other 
band, can be used for both electrolytes and non-electrolytes, 
but not at too low concentrations of the diffusing substance 
because of the surface transport phenomenon. Relatively 
large concentration gradients may be employed and analysis 
may be carried out in situ or otherwise depending on the 
method available. The method has the disadvantage of being 
a relative one, nevertheless, it is the simplest and for certain 
systems the beet method. Usually the method gives integral 
diffusions coefficients from which differential values may be 
calculated by the methods discussed in Part II if required. 
Differential coefficients can also be obtained directly 
by this method if sufficiently sensitive method of analysis in 
situ is available e.g. conductometric analysis in the case of 
an electrolyte. The Gouy method is the most recent of them 
all and was developed by Longswortb, Keegles, and Gosting in 
the United States and by Coulson, Cox, Ogaton and Philpot 
in Britain. It is probably the mot accurate and convenient 
method for determining diffusion coefficients in solutions 
of moderate and high concentrations. It has the advantage 
of being an absolute method whose intrinsic accuracy has been 
claimed to be higher than other methods. The technique is 
particularly suitable for substances of high molecular weights, 
but concentration difference across the boundary should be 
considerably reduced if the differential diffusion coefficient 
of a substance having concentration-dependent diffusion 
coefficient is being measured, 
An satimto of the diffusion coefficient oun be made 
from tIØ re1t1anu of Arnold, WUke and of Otber and Thaker. 
The equations of Iyrinç and of Stakes Einstein may also be 
eaployed it the data required are available. None of theee 





In the last part, it has been said that the experimental 
evaluation of diffusivity and liquid film transfer coefficients 
should prove a valuable means for the understanding of the 
mechanism of gas absorption. Although data for liquid film 
transfer coefficients are not very numerous in the literature, 
those for diffusivity are still scarcer, the reason being, as 
Bakowaki (90)  rightly remarked "the experimental procedure 
for determining this property (i.e. diffusivity) is probably 
more laborious than a direct determinationof the mass 
transfer coefficient itself." One of the main purposes of 
this work, therefore, has been to determine the diffusivity 
of a few gases in different liquids and to examine its 
implications on the basis of various assumptions made as to 
the mechanism of gas absorption with special reference to the 
data for liquid film transfer coefficients of the same systems. 
In the first place, the problem resolved itself into 
two parts, viz., 
(1) Design of suitable apparatus for diffusion 
keeping in mind the gaseous nature of the solute and consequently 
its tendency to escape from solution. In the ease of slightly 
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soluble  gases, the volumes of fluids had to be large enough to 
permit of accurate analysis. 
(2) Choice of sufficiently accurate method of 
analysis to determine the extent to which diffusion has taken 
place either continuously or after a diffusion run of a certain 
duration, 
e. aiparatue 
To start with a few experiments were carried out on 
diffusion of potassium permanganate solution in water to 
indicate the suitability of the apparatus qualitatively, 
It was hoped that some form of apparatus would be used in 
which the dimensions of the diffusion-channel would be 
definitely known. A very simple cell was constructed which 
consisted of two compartments of equal volumes joined by 
means of a narrow capillary of known diameter and length. 
With very narrow capillaries, diffusion was found to be too 
slow while wider ones tended to induce mass flow. A number 
of capillaries of narrow bore were then substituted but the 
rate of diffusion was considered still inadequate in view 
of the systems to be investigated, The idea of employment 
of diffusion channel of known dimensions had to be abandoned 
for the time being and the possibility of using any of the 
existing methods for the determination of diffusion coefficient 
of gas-liquid systems with necessary modifications was 
examined. 
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Of the three modern methods of sufficient precision, viz., 
the conductivity method, the Cony method and the diaphragm 
cell method reported in the literature, the last one seemed 
to offer the following advantages for the determination of 
diffusivity of gases in liquids. 
Comparatively large volume of solutions available for 
analysis. 
Provision of adequate area for diffusion giving sufficient 
concentration changes in the solutions in the two cell 
compartments after & diffusion run of reasonable duration. 
Availability of adequate relations for the computation 
of diffusivity from such concentration changes, 
Simplicity and ease of its construction and operation. 
Accuracy of the method as proved by results obtained by 
various workers being comparable with those obtained by 
other methods. 
Comparative freedom from mass flow or streaming due to 
minimising of the effect of vibration, convection and 
density gradients (heavier solution put in the lower 
compartment). 
Availability of suitable standard substance with established 
value of diffusion coefficient for calibration, and 
$) Being a closc3yetem, the volatility of the diffusing 
substance offered no limitation. 
A modification of Stokes' apparatus (4-3)  was employed and 
advantages of using metallic porous plate was investigated. 
- V •- 
PHOTOGRAPH OF THE DIFFUSION CELL 
WITH METAL SINTER 
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For this durpose,, a diffusion cell consisting of two compart-
ments of glass pressed ends bolted together with bakelite 
flanges and the bronze porous plate at the centre was 
constructed. A photograph of this cell is given. Diffusion 
runs were carried out with water and potassium chloride for 
calibration but were unsucceful because of the turbidity 
caused by the metal plate. Acids could not be employed to 
clean the metal sinter. Neoprene washers were also attacked 
in teat runs of organic liquids and work with metal sinters 
had to be discontinued. An all glass cell with glass 
sinters and .B 11. standard joints was then designed which 
yielded satisfactory results, A detailed account of this 
cell together with the method of procedure will be given later. 
ethed of Anlysia 
Three methods were available for estimating the amount 




Aman(91) has described a method for the measurement 
of solubility of gases in liquids which consists in boiling 
the dissolved gas off and measuring that evolved by means 
of a gas burette. A similar method was tried first but was 
found incapable of yielding sufficiently accurate results 
because of the low solubility of the gases concerned which 
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became more critical with solutions far from saturated as 
obtained at the end of a diffusion run. The reverse process 
of saturating the liquid containing the dissolved gas and 
measuring the amount of gas required for the purpose also 
failed and recourse was taken to a method for measuring the 
vapour pressure of unsaturated liquid. It consisted of 
introducing the unsaturated liquid into a bulb which had been 
in connection with another containing the pure liquid and which 
had been evacuated until the pure liquid boiled, the vapour 
apace above the latter being thou disconnected with the bulb 
by means of a stop cock. The unsaturated liquid released 
its gas on entry into the bulb because of a sudden fall in 
pressure and the difference of vapour pressures of the two 
liquids was recorded by means of a leg of the pure liquid. 
Although the method seems to offer no difficulty theoretically, 
the vapour pressure of the unsaturated liquid could not be 
measured accurately enough, especially in the case of high-
boiling liquids. Volumetric methods having thus been found 
unsuitable, the analytical methods were tried. These remarks, 
however, apply only when both the compartments of the diffusion 
cell are filled with liquid, i.e., when diffusion takes place 
from solution into pure solvent and the solute is not present 
in any of the compartments in the gaseous state. 
Of the four gases used in these experiments, viz., 
hydrogen, ethy].ie, carbon dioxide and sulphur dioxide, the 
last two can be easily analysed but the first two offered 
difficulty because of small volumes of gas contained in the 
- 66- 
dilute  solution obtained at the end of a diffusion run, 
Analytical methode, therefore, were kept in reserve pending 
failure to find some other suitable method applicable to all 
the systems. 
Coming to the optical methods, measurement of change in 
refractive %ndex of a liquid due to the presence of varying 
amount of dissolved gases suggested itself first and it was 
enquired if a method was available by which such differences 
of refractive indices could be measured with sufficient 
accuracy. Ordinary refractometers, such as the Abbey were 
obviously not good enough to measure such small changes and 
a preliminary examination shoved that an instrument about one 
hundred times as sensitive as the Abbe will be just good 
enough. Both Rayleigh and Zeiss interferometers were 
acquired of which the latter was found to be more satisfactory 
because of its compactness, ease of manipulation and easier 
temperature control, Experiments were carried out with 
solutions of different concentrations and the interferometric 
readings noted. 	A plot of interferometric reading against 
concentration served as a ready reference for reading off 
concentrations of the gas in liquid if the corresponding 
interferometer reading were taken. The method was found quite 
convenient and used in the first series of experiments. 
The apparatus to be used and the method of analysis for 
the system being thus decided, experiments were carried out to 	 I 
measure diffusivity of ethylene and hydrogen in dakalin and 
toluene. A detailed descption of the apparatus and the 
method of procedure Is given in the next section. 
PART IV 




PHOTOGRAPH OF THE 
DIFFUSION CELL 
PART IV 
Extrimental and Iepu1t 
The diffusion cell 
As shown in the diagram, it consists of a cylindrical 
cell made of pyrex glass which is divided into two compartments 
by means of a circular glass porous disc. The ends of the 
cell narrow down to B.l)- sockets to which B.X stoppers can be 
fitted. The porous discs were supplied by J.A. Jobling and 
Co. Ltd., and disós of three grades of porosity, namely 1, 2 
and 3 of pore diameter range 100-120, 40-50 and 20-30 microns 
respectively were tried in trial experiments. These showed the 
inadequacy of the first two grades for diffusion experiments 
because of their incapability to check mass flow and the last 
grade of sinters only, therefore, were employed throughout in 
these experiments. Table I gives further details of the 
cells employed. 
TABLE I 
The diffusion cells. 
Sinter 
Pore Volume of Volume of 
Cell Thickness I Diaer diameter the upper the lower 
No. I microns chamber. chamber 
mm. cm. ml. ml. 
3. 3 4.5 20 - 30 71.5 77.6 
2 3 4.6 20 - 30 60.6 63.7 
3 3 4.5 20 - 30 62.0 62,3 
4, 3 4.6 20 	30 53.3 59.8 
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The sirrer 
Each compartment was provided with a stirrer to keep the 
solutions uniform in concentration. These were made of a 
length of glass tubing of about 7 mm. diameter and length 
slightly less than the cell diameter, into which were sealed a 
number of soft iron wires. The number of wires sealed was 
adjusted so that the stirrer in the upper chamber sank while 
that in the lower floated, The stirrers were actuated by 
means of two permanent magnets coated with acrylate resin to 
prevent corrosion under thermostat water. The magnets were 
attached to the ends of a brass strip bent in the shape of an 
inverted U as shown in the figure. The height of the cell was 
adjusted in such a way that the magnets were just opposite the 
sinter. The brass strip with the magnets was rotated round 
the cell by means of a pulley attached to its top so that each 
side of the sinter was wiped twice per revolution of the strip. 
In the beginning, a variable speed motor was used to drive the 
pulley, but very inconsistent results were obtained due to 
large variation in its speed in course of a diffusion run - the 
lower speeds being insufficient to keep the solutions uniform 
in composition while higher i9peeds tending to promote mass 
flow. A constant speed motor was then substituted and a speed 
of 60 R.P.M. was found to give best results after trial, as 
has been the case with Stokes (23), Smith and &torrow ts(20), 
and Nielsen et al. 	experiments. Stokes has already 
shown that this speed is sufficient to maintain the solutions 
uniform in composition in the two compartments. 
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The thermostat 
It consisted of a copper tank, 18" x 12" x 12", the sides 
of which were insulated with cardboard. It was provided with 
a stirrer and a 500 watts heater which was controlled by an 
ordinary toluene-regulator (filled with chloroform) and Sun-Vic 
relay. Beckmann thermometer showed its temperature to be 
maintained within ± • 02°C of that required which was considered 
sufficiently accurate for its purpose. 
Materials used 
Potassium Chloride:- Analar grade as supplied by British 
Drug Houses Ltd. Dried and used without further purification. 
Dekalin :— Supplied by Hopkins and Williams Ltd. 
Redistilled and only fraction between 185 - 18600 at atmosphedo  
pressure used. 	D2cPC = 1.4739. 
Toluene:- Supplied by J.F. Macarlen and Co. Ltd. 
Redistilled and only £xaction between 1100 - 1110C at atmospheric 
pressure used. 	D200C = 1.4958. 
Water:- Pure freshly distilled water degassed. 
D20°C = 1.3330. 
Hydrogen, Ethylene and Carbon dioxide as supplied by the 
British Oxygen Co. Ltd., direct from cylinders. 
Sulphur cloxide :— As aupplied by A. Beaks, Roberts and 
Co. Ltd. direct from the syphon. 
Determination of cell constant 
As the effective pore size of the sinter is not known, 
the cell constants were determined by carrying out diffusion 
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of a decinormal solution of potassium chloride into water at 
2500 as is the established practice. The value for the 
diffusion of a decinormal solution of KcL into water until 
about 25 per cent of the chloride has diffused into the other 
compartment given by toicea(23),  viz., 1.667 x 10. cm2/seo. 
on the basis of his own and of Earned and associates] experiments 
(82) was accepted and used in the calculation of cell constants. 
All liquids used in this investigation were degassed prior to 
employment to avoid bubble formation in the sinter itself or 
in any of the call compartments as described. The liquid 
was heated to boiling in a litre flask with standard B24 opening 
and immediately stoppered thereafter with a B2/ stopper (which 
had been ground previously to fit closely without the use of 
any lubricant) and allowed to cool to the experimental 
temperature in a thermostat, It was taken out of the flask only 
just before use. 
The cell was cleaned, dried and then the lower chamber 
was filled with degassed .1L solution of potassium chloride 
which was allowed to drain through the sinter in order to 
displace air from the pores, The proper stirrer was then put 
into the compartment which was refilled with the solution at 
the thermostat temperature and quickly stoppered avoiding any 
air bubble inside. The upper chamber was then filled with 
degassed distilled water after being washed with the same twice 
and stoppered after the stirrer had been put into it. The 
can was then put on its seat in the therrostat and its position 
adjusted so that the sinter was horizontal and the stirrers 
did not touch the sinter surface. This was important as the 
contact of stirrers with the sinter was found to cause the latter 
to wear as well as to lead to inconsistent results. Magnets of 
the shape used were particularly useful to keep the two stirrers 
away from the sinter surface if the height of the cell was 
properly adjusted with respect to the magnets. This being 
done, the stirrer-.motor was started and the time noted, 
After a preliminary period of four hours, which was found to 
give best results and was found sufficient by others, the 
stirrers were stopped, the upper chamber containing the less 
concentrated solution was drained, washed with distilled water 
and refilled with distilled water at thermostat temperature. 
After the stirrer had been put in, the cell was stoppered and 
put back on its seat properly and the magnets driven. This 
was taken as the start of the diffusion run which was carried 
on until about 25 per cent of the contents of the lower chamber 
had diffused into the upper. The run was then stopped, the 
contents of the two chambers were taken out carefully as to 
avoid mixing and analysed. A decinormal solution of silver 
nitrate was used to determine the chloride content of the solutions 
with fluorescein as indicator (95). A material balance at the 
end of a run showed absence of leaking due to non-application 
of lubricant to the stoppers. Difference in the densities 
of the two solutions was utilised as a means of elimination 
of mass flow by putting the pure liquid in the upper compartment 
I J 
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as shown desirable by Stoke5(23),  instead of using it for the so 
called "density stirring". All the analyses were carried out 
in duplicate and the mean value of each pair is given. The 
whole opertion of filling the cell with liquids, putting it 
properly on its seat and starting the magnets does not take more 
than a minute and should not matter for a run lasting more than 
twenty four hours# From the change of concentration in the two 
compartments measured and the time required to bring about this 
change together with the knowledge of the volume of the two 
compartments, the cell constants are calculated by substitution 
in equation (27). Following is a sample calculation of cell 
constant from measurement of concentration changes in the two 
cell compartments, 
Temperature of the experiment: 250C. 
Cells No. 4. 
Volume of upper chamber: 53.3 ml. 
Volume of lower chamber 59e3 ml. 
Initial concentration of KClin the solution in the upper 
chamber = 0. 
Initial concentration of Potassium chloride in the 
solution in the lower chamber = .1003N. 
Time of equilibrium allowed = 4 hours. 
Duration of the diffusion run = 95 hours. 
Final concentration of Potassium chloride in the solution 
in the upper chamber = •0262N• (6.05 ml 
Final concentration of Potassium chloride in the solution 
in the lower chamber = .076N. (e19,65m1 •1NAgNO3)e 
73 
Diffusion coefficient of .1NXC1 in water at 25°C 
1.667 z 1o 5cm2/aec. 
From equation 27, 
cell constant x = 1 log Cf + Cf 2 X rr 
txl) a -c f]. 	f2 
	
1 	 loge .0786 + .024.2 59.8  
95 x 3600 x 1.667 x 	 77 - .024.2 
= 	1x105 	log 1.84 
95 x 1600 x 1.667 
= .107/om2. 
Similarly, other determinations of the cell constant were made 
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Determination of the cell constant. 
Reference System = IN. Pbtassium Chloride Solution - Water. 
Temperature. 25°C. Time of equilibrium. 4. hours. 
X'f at 25°C. 1.667 x 	
2, 
K=1 lo e cfl+ cf2x .4 
0f1 - f 2 
I 	- 	
r 
Final conc. 	Final conc. 	Cell 	Mean K I 
in lower chamber in upper chamber :  consta-t !c4m2  cm 2  
fl 	 f2  
0.07717 0.0214.9 0.192 
0.07604. 0.02223 0.193 
0.07759 0.02168 0.19 0.194. 
0.07759 0.02206 0.19( 
0.07759 0.02168 0.193 
0.07586 0.0224.2 0.206 
0.07511 0.0224.2 0.211 
0.0754.8 0.2186 0.206 0.206 
0.07 	1 0.0224.2 0.206 
0.OQb7 0.02205 0.201 
0.0z.55 0.02492 0.24.1 0.24.2 
0.07397 0.02376 0.24.3 
0.07212 0.02466 0.24.6 
0,07322 0.024.72 0.238 
0.07860 0,024.20 0.107 
0.07800 0.02460 0.110 0-108 
0.07880 0,024.00 0.106 
_ 75 - 
eterr4ntion of the diffus 	coefficieflts of gases in liQud 
The procedure for the determination of diffusivity of gases 
in liquids is necessarily the same as the determination of the 
cell constant except only that the pure liquid is pt in the 
lower chamber. The time of equilibrium allowed is again four 
hours but the total time of a diffusion run was varied and was 
not necessarily of the order to allow 25 per cent of the 
diffusing substance in solution to diffuse into the upper 
chamber. This variation in the duration of a diffusion run 
as well as the variation of the initial concentration of the 
solution in the upper chamber enabled one to follow variation 
of diffusivity with concentration to a certain extent. The 
method of analysis of the solutions obtained at the end of a 
diffusion run, however, was different, Measurement of changes 
in refractive index of solutions due to varying amount of its 
gas content was utilised. The Zeiss interferometer was 
employed in the course of this investigation, a description 
and the way of operation of which is described by Adaias(92). 
A brief account of the iramipulation with neoezery modifications 
from the reference will be given. 
Measurement of gag=Soncentration in liquids by thp Zeie 
nterferometer. 
There are three factors in the Zeiss interferometer which 
are to be controlled closely to obtain satisfactory results, 
viz., the scale, the matching of the interference bands, and 
the temperature control of the water-chamber. 
The scale consists of a circular scale and a vertica]. one, 
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the displaosent of which is proportional to the change in 
the angle of the prism through uhioh the light from the 
solution to be examined passes. Befo 'a using the zero reading 
has to be always checked and back lash error avoided which 
otherwise is a very serious source of error. 
The matching of the interference bands is a bit difficult 
and requires a good deal of experience. This has to be done 
after both the sets of interference pattern show no curvature 
and the oncoming bands are always to be brought from the same 
direction. It is preferable to count the oncoming bands from 
the left past the central one of the reference pattern and use 
a particular one as the central one, say the fourth. It is 
not very infrequent to miss the right band which corresponds 
to fifteen divisions on the circular scale, but repeating the 
process four or five times helps to eliminate this error. 
All the lenses should be kept clean and freed from moisture 
deposits which is a source of serious trouble. 
The temperature control of the water chamber is very 
important and it is advisable to keep it constant by adding 
hot or cold water and checking with a thermometer. The 
water chwber is provided with a stirrer the use of which 
makes the temperature uniform and the bands straighten quickly 
if the water is stirred after the cell with the liquid to be 
examined is put into it. Difference in temperature affects 
the reading, of the scale, which may be significant, especially if 
the liquids with low concentrations are examined. 
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For r calibration purposes, a saturated solution of the gas 
in squid was first prepared • It consisted in evacuating the 
flask containing the liquid repeatedly and then filling with the 
gas until almost all of the air inside it was replaced by 
tho gae 	it was then well shaken and was allowed to stand 
with occasional shakes in a thermostat at the temperature 
desired, The flask was then maintained at a pressure of 
YuO mm. of mercury by putting more gas in or taking some out 
by means of a mercury leg and the process was continued until 
absorption stopped as indicated by the absence of any change 
in the mercury manometer connected to the sytew. Solutions 
of different concentrations were then prepared by adding 
different amounts of the saturated liquid to the pure one in 
different test tubes with standard B1/+ necks and weighing 
Care was taken that no gas escaped from these solutions by 
filling the test tubes nearly to the stopper mark and stoppering 
immediately with standard stoppers, The interferometric 
readings corresponding to these solutions of known concentrations 
with reference to the pure liquid was then determined as will 
be described presently and a graph of interferometric readings vs. 
concentration was plotted which served as a ready reference for 
reading out concentrations of unknown solutions directly from 
this curve if the dorz'eaponding interferometric reading was 
determined, 
The interferometer is provided with two identical transparent 
cells fitted side by side in a brass frame. One of these cells 
is filled with the reference liquid while the other contains 
-. 7 * 
the solutcn to be examinedo That being done, the two cells 
are covered by means of two rectangular pieces of glass and 
the whole set-up put into the water chamber which is maintained 
at a constant temperature. The water is stirred and the cells 
allowed to stand until, on looking through the eye—piece, the 
two sets of interference pattern show no curvature. The 
screw—head carrying the circular scale is then adjusted until 
the two interference patterns seen with the eye—piece are 
exactly matched and the corresponding reading on the scales 
is noted. This reading minus the reading taken when both 
the cells contain pure liquid (which should be zero if the 
instrument is properly adjusted) is a function of the refractive 
index of the solution, which in turn is a function of its 
concentration, Thus by determining this reading, the concen—
tration of a solution can be determined with the aid of the 
calibration curve drawn previously. It should be noted, 
however, that the liquid which is used as a reference and the 
liquid from which the solution is made must be from the same 
stock, as even a slightest change in fractionation conditions 
may mean an error of a number of divisions on the circular 
scale, For this purpose, sufficient quantities of the liquid 
were acquired and fractionated and the same stock was used 
throughout for experiments with that liquid. The cells were 
cleaned and d*ied before each determination and the reference 
liquid was taken always from the same bottle. 
Re sult 
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hydrogen as the gases and dekalin and toluene as the liquids. 
From the concentration of the solutions of the two chambers 
determined at the conclusion of each diffusion run, and the 
measured cei1L constant, the corresponding diffusivity was 
calculated by substitution in equation 27. 
The following is a sample calculation of diffusion 
coefficient of gases in liquids from rate measurements, 
Run No. 3l5E:::1 system. Ethylene - Dekalin 
Temperature of Ezperiment. 2500. Time of equilibrium. 4hm. 
Cell No. 1 
Volume of Upper chamber. 71.5 
Volume of Lower chamber. 77.6 
Initial concentration of the solution in the upper 
chamber. 37.2 saturated. 
Initial concentration of the solution in the lover 
chamber. O 
Interferomotric reading of the solution in the upper 
chamber at the end of a diffusion run. 769 
Interferometric reading of the solution in the lower 
chamber at the end of a diffusion run.170 
Hence final concentration of the solution in the upper 
chamber. 33.3 saturated, 
Hence final concentration of the solution in the lower 
chamber. 3.6-.1 saturated. 
The cell constant. .194/cm2. 
Duration of the run = 17 hours, 
* 80 - 
Hence the diffusion coefficient D = L loge AL 
txic 	Cfl-tf2 
33.3 1 	loge 	 71.5 ------ 
17 x 36O) x •194 	33.3 - 3.6 
= 	1 	iog 1,252 
17 x 3600 x .194 
= 1.897 x l(r5  0m2/ee0. 
Pisan concentration at which the diffusion takes place 
= 37.2 + Q 	18.6? saturated. 
2 
(Assuming that D varies linearly with concentration and the 
ystem being closed.) 
Similarly, the diffusion coefficients were calculated for other 
rune 	Following tables give the results obtained in this 
of experiments.  
T4U3U III 
System: Ethylene - Dekalin. 
Temperature: 25°C, 
TABLE III / 
TABLZ III. 
Diffusion coefficients of Eth4en in Dekalin at 250C 
Pressure; Atmospheric. 
Time of equilibrium = 4 hours. 
1 - - 	 -- 	Concentration in terms of percentage saturation 
Cell Tine of 	Initially Initially I 	Finally 	Finally 	Mean concentration Diffusion 
Number Dif''usion in 	 in 	 in in at which diffusion coffieient 
(hours) rower chamber Upper e amber Lower chamber Upper chamber 	takes place 	cm2/tpc x io5 
1 	19.0 	Nil 	34.2 	3.30 	30.60 	 17.1 	 1.74 
1 i3.0 111l 	 2.4 2.70 22.50 12.7 1.99 
1 	1..0 	al 40.0 	4.20 	35.40 	 20,0 	1.97 
1 22.5 il 	3,.0 4.20 29.40 11.0 1.0 
	
29.5 	Nil 39. 	4.50 	35.10 19.9 
1 	5 1l 	 7.9 4.40 33.30 	 2.06 
2 43.0 ri1 3.12. 	6.30 	24,60 15.6 	1.6 
1 	42,0 	Al 	.9.0 6.00 22.50 lh.5 1.93 
2 19.0 111 22.7 2,70 	19.90 	 11.4 	1.97 
2 	19.0 	Nil 16.3 	2.10 14.10 8.2 2.14 
Id.0 NIl 	33.1 4.50 28.50 1.6 2.12 
1-3.75 11 i..4 3.0 	27.90 	 L.7 	 1.71 
1 	i7 0 	 3• 	 3.3j 33.00 L.3 1.76 
13 25 Il 	 1.2 5.10 36.30 21),.8 1.86 
1.1.5 	il 4.20 	3?.l0 	 19.9 	2.05 
2 	13.7 hb.5 	.10 hi.10 2..3 1.82 
3 8.0 l 	4 7.1 5.40 39.& 1.77 
1 17.0 	ii1 37,2 3.oO 	33.30 	 ld.6 	 1.90 
2 	i..5 nil 62.7 	6.00 56 .0 31 ' 1.80 
3 15.5 Nil 	1.9 5.70 56.10 1. t 	1  
19.0 	Ni]. 	45.1 	6.0 	39.0 	22.6 	 1.85 
TAT3LE 17 
Diffusion Coertiient.s of fthylene in Toluene at ec 
Pressure: Admospheric. Time of ui1Thri: 4 hours 
	
- 	------- 
Concentration in terms of percentage saturation 
Cell Tias Titia1Iy in Initially in 	1na11y in 	Pinafly in 	Mean cone, at itfsion Coeffcient 
of 	lover chamber =per chamber loser ahamber w,p-'r chamber which 41ff'. 	cm- /sec. x 1(Y Diff.
I 	 takes place. 
12 	 ii 	 t2 	 ti 	 CO 
3. 19. Nil 17.0 	 .30 1.½ 	8.5 	 4.08 2 4.3.0 Nil 	 4.0 i9.45 	3.60 27.0 4.27 1 19.0 ff11 52.6 10,35 41.40 21,3 4.10 2 18.0 ff1.1 46.9 	1.00 36.35 	23.5 	 4.42 I 1.0 Nil 	 44.8 10.15 	 .80 22.4 4. 2 	 Nil 4o.5 9.3. 23. 3. 1 19.0 i2 67.1 	12.95 	53.10 	33.6 	 3.% 1 19.0 Nil 	 61.8 13.10 47.55 3•.9 4.42 2 1R.0 Nil 4.8 9,80 22. 1 19.0 Nil 31.5 	 5.50 	21.5 	 13. 	 4.u8 2 	20.0 	Nil 	 2.2 19.4k 12 6 4.02 1. 19.0 Nfl li.2 .r5 	13..Lu 8.9 4.32 2 18,0 Nil 15.3 2.95 12.25 	7.7 	 3.64 I 	1.i 	Nil 	29. 	 6.o 22.2 11*.7 4.4.5 2 16. Nil 8.0 	28.9u 1r.9 I 19.0 Nil 8,e5 31.20 	2.l 	 4.02 
2 18.0 Nil 	 3.7 	 7.70 30.65 19.4 3.99 1 19.0 Nil 25.s 5.35 	20.0 	12.9 4.02 2 18.0 Nil. 25. 12.6 12.1 	 4.12 1 	19,25 	ff11 	 2.j 	 1o.2 11.,y 4.10 1 19.0 Nil 1(.2 3.60 	13.30 	8.6 4.15 2 18.0 ff13. 22.6 4.80 1 .5 11 3 	 4.15 1 1.0 Nil 	 1.1 	 320 	1i.5~ 4. 2 1.0 Ti1 12.6 2.y5 10,u 	o.3 13.0 	Nil i.5 6 70 i..2 I 1.0 Nil 2R.4.o 17.9 218.0 Nil 	 4. 	 7. 	2.0- 	172 	 j. I 	..O 	i1 2.1 ~.bO l5,i 	 9. 2' L_ lri.0 nil 1.1 ),5J 15.15 9. 
Diffsion 0oeffcient 




Concentration in terms of percentage saturation 
Initially in 	Finally in 	Finally in 	'Mean cone. at 
upper chamber lower chamber upper chamber which diff. 
takes place. 
Nil 	 46.50 	21.00 	33.0 
Nil 4.6.50 •21.00 33.3 
Nil 	 64.00 	29.00 	45.4 
Nil 64.00 29.00 45.8 
Nil 	 64..00 	29.00 	45.4. 
TABlE Y. Diffusion Coefficients of Hydrogen in Dekalin at 25°C. 
Pressure: Atmospheric. Time of Equilibrium: 4. hours. 
Concentration in tome of percentage saturation 
Cell Time of Initially in 
lower 
Initially in 	Finally in 	Finally in 	!ea 	off 	at No. diff. chamber upper chamber lower chamber upper chamber taken hrs. 
ii c 	 c 12 fl 
glaoc. 





88.10 72.20 fhl 16.70 	4.3.8 
1 19.0 	H 87.60 
72.20 
Nil 	 72.20 16.70 167O 43. 2 
2 
18.0 I  
1R. 
88.10 Nil 72.20 
Nil 
1 6 .70 	44.1 .jO 
.0 - 	7L20 16.70 44.1 72.20 16.10 44.1 
TABLE VT. Diffusion Coefficients of Hydrogen in Toluene at 25 C. 
Pressure: Atmospheric. Time of Equilibrium: 4 hours. 
r 
Cell Time  of Initially in 
No 	diff. lower chamber 
Diffusion Coefficient 
cm/sec. x io5. 
2 	18 	66.5 
1 19 90.8 
2 18 91.6 
1 	19 	90.8 






Z4LL 64.00 29.00 45.8 	 7.17 
- 8.4 
of iJfu4on. ooeffç4njf 
gases in liquids. 
In the light of the experience gained from the above 
experiments, it was realised that it might have been better if 
some method could be developed in which concentration changes 
could be measured as diffusion proceeded. Two serious 
difficulties were encountered in the experiments described 
above, namely, the measurement of diffusivity from highly 
concentrated solutions to pure liquid was not possible as the 
former lose their gas very rapidly in course of handling for 
the experiment. 'Even if it were prevented, the concentration 
of the solution became considerably less in course of the period 
of equilibrium and even lesser during the course of a diffusion 
run. Since in mass transfer experiments, diffusion usually 
takes place from a saturated layer into a nearly pure liquid, 
the diffusion coefficient measured in the above experiments 
is not the one which should be applicable under such conditions 
as has already been remarked. Secondly, the time allowed for 
diffusion in such experiments is so much more than that allowed 
in mass transfer operations that these values of diffusivity 
wo1d seem to lead to unjustified conclusions. This shortcoming, 
however, would not apply to the systems for which the diffusivity 
does not vary significantly with concentration and consequently 
with the time of contact, 
Keeping this in mind, it was thought that if diffusion took 
place from a solution which was maintained saturated into an 
initially pure liquid, the latter being allowed to change in 
concentration due to diffusion, it would not be very far from 
what really happens in mass transfer operations. in the 
diffusion cell used above, if the lower chamber contains pure 
liquid and the upper is filled up with the gas in question with 
a thin layer of liquid on the diaphragm, it will not be very 
unreasonable to assume this layer to be saturated at the 
temperature and pressure of the gas. If these are maintained 
constant, the situation will correspond to diffusion from a 
saturated liquid into a liquid which is sensibly constant in 
composition over small time intervals below the diaphragm. 
That is to say, we shall have diffusion from a liquid layer Of 
constant composition into a liquid below the diaphragm which 
is initially of nearly zero concentration and may be assumed to 
remain so for the short time interval over which the coefficient 
is measured because of comparatively large volume of the liquid 
and in any case, when the solubility of the gas is small. In 
other words, after equilibrium is estiblibed, a stationary state 
will exist within the diaphragm, especially so when the time 
interval over which the diffusivity is measured is short or 
the solubility of the gas is low and equation (20) for steady,  
state diffusion should be applicable. Othcrwiss,the upper 
chamber may be supposed to he completely fiLLed up with the 
saturated solution ( as the effect is nearly the same) the 
concentration of which is maintained constant and the coefficient 
of diffusion calculated on the assumption of the existence of 
a quasi—stationary state and therefore by the application of 
equation (27). In any case, one can apply both the equations 
and compare the results to see Which assumption is nearer the 
truth. 
As$uming that the thin layer of liquid above tPe diaphragm 
is maintained saturated by the presence of pure gas at the 
tratue und pressure of the experiment, it follows that 
eny decrease in he amount of gas in the uppr chamher dll 
be equal to that passed into the liquid in the lower chamber by 
diffu$on (as the mass flow has been eliminated here). Thus 
by devising a method of measuring the decrease in the amount 
of gas in the uppr chamber continuously, it will be possible 
to measire diffusion ooet'fioients over hot time intervals 
and at the some time ieternining its variation with concentration,  
This will yield cliff uiitity values over a wide concentration 
range in a single experiment and will save much time compared 
4th the former method. It must be admitted, however, that 
this method does not lend itso]f to the measurement of diffusivity 
from an unsaturated solution, theraintenance of which in the 
layer above the diaphragm is not allowed by the procedure, at 
any rate to maintain it at a -M-own value except the limiting 
one througboit the course of an experiment. This, however, 
does not concern our purpose as we are interested mainly in 
measuring rates of diffusion from a saturated solutionith 
these ideas, the conventional diaphragm diffusion cell was 
redesigned to suit gas-liquid systems, a description of which, 
together with the method of procedure, follows. 
TO GAS. 




THE NEW APPARATUS. 




Thc culls used in thcse experiments were th amo as in 
the previous onos ezoot that the upper end of the uell as 
connected by means of a standard £314 cone to a gas measuring 
system instead of being stoppered. As shown in the diagram, 
the uppLz' end of the cell was connected by means of a narrow 
capillary viiich passed through the hollow shaft of the pulley 
carrying the magnets to a water pump, to a gas burrette, to a 
Bourdon gauge and to the gas cylinder. Each of the last four 
may be connected or disconnected with the diffusion coil by 
means of stop cooks. The gas burrette is graduated in tenths 
of a cubic centimeter and the pressure and volume of the gas 
inside it may be adjusted by means of a mercury leg. The 
barrette is p:ovided with a jacket through which water from the 
thermostat circulates maintaining the gas inside the Ltnette 
at the temperature of the experiment. Since all the connections 
are made wit: vary narrow capillary, the volume contained 
therein is ncli4'bie compared to that of the diffusion cell and 
of the gas burrette so that all the Ea& contained in the 
apparatus may be safely assumed to be at the thermostat- 
temperature. 	.li connections involving capillary tubing were 
made with standard A7 joints except that with the i3oardon gauge 
where a very small length of rubber tubing was used in conjunction 
Wit. ,. thegas burrette to keep the system at constant pressure 
so that the volume of the gas diffused can be read off directly 
from the graduated limb of the burrette. The Bourdon gauge is 




The cell was cleaned, dried and the lower ch&mber was 
filled with the pure liquid which was allowed to drain through 
the sinter so that no air was left inside the pores. The 
stirrer was then put inside and the chamber filled again with 
the degassed liquid at the temperature of the experiment and 
stoppered, avoiding gas bubble inside the cell. Any liquid in 
the upper chamber was then drained and the cell allowed to 
stand in the thermostat for about ten minutes to make up for 
any temperature loss. The cell was put on its seat and connected 
by means of capillary leads to the burrette, to the Bourdon 
gauge, to the gas cylinder and to the water pump. The atop 
cock leading to the Bourdon gauge was then closed as also that 
leading to the gas supply and the other end of the Bourdon 
gauge was alSo Qisconnected from the atmosphere by closing the 
same. The atmospheric pressure at that point was noted as also 
the reading of the Bourdon gauge pointer on the telescope scale. 
The upper chamber of the cell was then evacuated by means of 
the water pump and refilled with the gas from the cylinder. 
This process was repeated a number of times to ensure that the 
air inside the cell was completely replaced by the gas. In 
the last refilling, the gas was admitted to a slightly higher 
pressure than the atmospheric which was allowed to fall to the 
atmospheric by momentarily opening the system to the atmosphere. 
At that point the magnetic stirrer was started, the stop cock 
leading to the Bourdon gauge opened and readings of the Bourdon 
gauge pointer and the gas burrette 'taken. This instant was 
taken as the start of a diffusion run. Readings of the 
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Bourdon gauge pointer on the telescope scale were taken every 
five minutes to an hoax' interval depending onte system under 
observation and the Bourdon gauge pointer brought back to the 
original reading by letting more mercury in the barrette so 
that a constant pressure was maintained throughout the period of 
the run, When this was attained, the reading on the gas 
barrette shoved the volume of gas remaining within the apparatus 
and the difference between that reading and the reading at the 
beginning of the interval corresponded to the volume of the gas 
diffused during the interval. From the knowledge of the volume 
of the gas diffused during a specific time interval reduced to 
normal temperature and pressure, of the solubility of the gas 
in the liquid at that temperature and pressure and of the value 
of the ratio of the effective pore area to the length (A/L)  of 
the sintered disc or of the cell constant, the diffusion 
coefficient was calculated by substitution in equation 20 or 
27 on the assumption of a stationery or a quasi-stationary state 
respectively. The ratio A/L was calculated from the knowledge 
of the cell constant and of the volumes of the two cell 
compartments and the application of equation 26a. All the 
joints except the lover end of the cell (in which case the 
liquid contained therein itself acted as a lubricant) were 
lubricated with vaseline and made air tight. All liquids used 
were completely degasified as even a trace of dissolved gas gave 
rise to bubbles during the evacuation of the apparatus and 
spoiled the whole experiment. Various curves are drawn to show 
the variation in the rates of diffusion with time and hence with 
concentration in various systems, any two points on which 
- 90- 0
correspond d to conditions at the two instants, From the amount 
of gas diffused between these instants, the diffusivity during 
the seine concentration interval may be calculated. 
Following table shove the solubility of the gases concerned 
in t e liquids which will be used in the computation of the 
diffusion coefficients. The graph on the left shows the 
variation of solubility of the systems with temperature whenever 
possible. 
TABLE VII. 
Data on solubilities in vol. gas at N.T.P. per vol. liquid. 
Pressure: 1 atmosphere. 
System Toluene Water Wter Water 
I 	Water 
Hydrogen Hydrogen - Carbon - Sulphur Ethylene 
Dioxide Dioxide 
Ref. 93 94 94 94 94 
Temp.°C 
0 - 0.0214 1.713 79,79 0,226 
5 - 0,0204 1.424 67.48 0.191 
10 0.0642 0.0195 1.194 56.65 0.162 
15 - 0.0188 1.019 47.28 0.139 
20 0.0700 0.0182 0.878 39.37 0.122 
25 - 0.0175 0.759 32.79 0.108 
30 0,0735 0,0170 0.o65 27,16 0.098 
35 - - - 22.49 0.078 
(37.5°0) 
40 0.0755 0.0164 0.530 18.77 - 
50 0.0760 0.0161 0.436 15.60 - 
60 0.070 0.0160 0.359 - - 
70 0,0720 0,0160 - - - 
80 0.0660 0.0160 - - - 
90 000567 0,0160 - - - 
100 0,0385 0,0160 - - - 
91 - 
TABLE VII (Oontd.) 
Data on solubilities in vol, gas at LT.P. per vol. liquid. 
Pressure: 	1 atmosphere. 
System 1 Benzene Xylene Dekalin Toluene - Ethylene Ethylene - Ethylene Ethylene 
Ref. 94 94 91 91 
Temp. 
0 - 595 - 
20 3.03. 3.30 2416 2.851 
(22°c) 
35 2.655 - - - 	- 
40 3.03 - - 
50 2.482 - - 
Results 
Following is an example of calculation of diffusivity 
from rate measurements by the technique described above. 
System: Ethylene Toluene. 
Temperature 2500. 
	
Pressure 29.82" of Mercury. 	- 
Cell Number 4. 
Cell constant .108/cm2 (Table II) 
V1  = 53.3 ml 	V2 = 59.8 ml. (Table I). 
Hence A/L = 	K 	= 	 0103 	= 3404 cm. 
+ 1/53•3 + 1/598 - VI V2 
* 92 
Solubility of Ethylene in Toluene at 250C and 1 atmosphere 
partial pressure = 3.25 ml. at N.T.P./mi. of liquid. 
Time (In  minute) 	 Volume of Ethylene diffused 














The graph of the volume of gas diffused vs. time plotted 
before shows a steady diffusion rate of 1.4 m1Aour during the 
first six hours of diffusion. (Any discrepancy in the value 
noted above is due to error in observation and hence ignored.) 
Thus, we have, 
Time interval t = 30 minutes, 
Volume of gas diffused = .7 ml. at 250C and 29,82" 
of Mercury p.p. 
Hence the volume of the gas diffused at N.TJ.s 
= 0.639 ml. 
Concentration of the gas in the liquid in the 
lower chamber at the end of the interval 
=2t§12 mi/mi = 0.0107 mi/mi 
59.8 
Hence mean concentration of the liquid in the lower 
chamber during the interval = 0 + .0107 
= .00535 ml/ml. 
Hence the concentration gradient causing the 
diffusion during the interval C = 3,25 - .00535 
= 3,24465 ml/mi.  
- 93 - 
From equation 20, during the steady state, the 
diffusion coefficient is given by the relation, 
D 	S S. 
t.A/L C5  
= 	0.639 
30 x 60 x 3.04 x 3,24465 
= 3,60 x 10 om2/$eC. 
Mcan concentration of the liquid at which the 
diffusion takes place = 3.25 + .00535 ml/ml 
= 1.628 ral/ 	
2 
On the assumption of a quasi—stationary state, we 
have, from equation 27, 
= 	
I Kloge  (c - C2)0 
}eØ, the concentration gradie it at the start of 
the interval = 3,25 - 0 = 3.2-5 ml/,I.and the 
concentration gradient at the end of the interval 
= 3.25 - .0107 = 3.2393 mImi. 
Hence 	 1 	loge ...L.. 
	
30 x 60 x .108 	3,2393 
= 1,648 x icr5 cm2/soc. 
For the next 30 minutes' interval, calculations are 
made as follows:- 
Time interval t = 30 minutes, 
Volume of gas diffused = .7 ml. at 250C 
and 29,82" of Mercury p.p. 
Hence the volume S of the gas diffused during the 
interval at N.T.P. = 0.639 ml. 
Concentration of the gas in the liquid in the lower 
chamber at the beginning of the interval 
0.0107 ml/ , 	At the end of the 
59.9 	
' 
interval = 1278 mi/mi = 0.0214 ml/ .l.  fl1•
59.9 
Hence the mean concentration of the solution in the 
lower chamber during the interval = 0.0107 + 0.0214 
2 
= 0,01606 1/ml 
- 94. - 
Hence the concentration gradient causing the 
diffusion during the interval Le * 3.25 - 0.01605 
3.23395 ml/ml and 
- 	0.632  
30 x 60 x 3.04 x 3.23395 
3.62 z lOr5  cm2/8e0 
Mean concentration of the liquid over which the 
diffusion takes place a 3 2 25 + ,0160 in2/ na  
1.636 mi/mi 
For DQSS we have, 
Concentration gradient at the start of the interval 
3.2393 mi/mi 
Concentration gradient at the end of the interval 
= 3.25 .0214. a 3.2286 wi/mi 
Hence DQ8 	
0 x 60 x .108 loge 
* 1.  64.8 x 10-5  cm2  /aec. 
It will be seen from Graph 2 that in some oases, e.g., in 
the case of a viscous liquid like dekalin, equilibrium is 
not established instantly and the start of the rim therefore 
is taken when the curve becomes smooth. In case of very 
slightly soluble gases, the volume of the gas diffused in 
short time intervals cannot be measured very accurately 
and therefore the interval over which the difftzaivity is 
measured is considerably extended. 
The following tables show the results of these 
experiments in detail. 
TABLE VIII/ 
I8 
16 SO - WATER 
2 
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Determination ofDat25. - 
Time 
I 
Vol. of gas S at 5/V !een came. C Ce Uean D55DQ B (ref.) 
System t diffused LT.4 v a vol. of liquid solubility cam. of
/  on eec. 5 	2, xl on 
1it5?5tUT 
bra. S ml. ml. of liq.. (o+ $/y) a3/ml. diffusion / / .105.2/.. 
• rn3/,nl. - 
Ethylene - 
Oek1th 1 0.42 0.372 0.00623 0.00332 2.3669 1.1881 0.746 
thylene - 
Water 2 0.65 0.595 0.00996 0.00498 0.10302 0.0565 2.20 E 	1SO4 1.59 at 2C PC (97) Ethylene - 
Tolume 1 1,40 1.279 0.0214. 00107 3.2393 1.630 3,61 172 2.85 	(89) 
Hydrogen - 
Water 26 0.3 0.267 0.00446 0.00223 0.01533 0.00987 6.10 2.91 5.94 at 2C PC (97) Eydroen - 
Tolusne 20 1.4. 1.272 0.0213 0.01065 0.0611 0.0412 9.52 4.52 5.61 	(89) Hydrogen - 
Dek1izi 26 0,5 0.4.580.00766 0.00383 0.04867 0.02817 3,3 1.56 Carbon dioxide - 
Water 24. 4.55 4.10 0.0686 0.0343 0,724.7 0.3967 2.16 1.015 1.74. at 20°C (97) Sulphur dioxide 
eater 1 8.775 7.81 0.131 0.0655 32.7a5 16.4.278 2.18 0.978 1.4.7 at 2)C (97) 
0 96 - 
It will be seen from the table that the values calculated 
on the basis of existence of a quasi-stationary state are too 
low, showing that a steady state actually exists in the 
system, hence in the following tables 1) is calculated on 
the basis of existence of a stationary state only. 
I 	 2 	 3 	 4 	 5 	
C3 / 	 B 	 it 	 12 
TIME IN DAYS 
a 
TABLE IL 
Determination of the diffusion coefficient of EQ1ene in Dekalin at 
Time 
I 
Vol. of gas 
Sat 
LT,!'. Total Total S Mean cone. C Mean cc. of 	Ds s. Z IL) in diffused ml. S of liq. diffusion * 
Hours S ml ml. mi/mi. wi/mi. ni/mi.  
24. - 0 9.7 8.58 8.58 0.1135 0.0718 2.3012 1.422 i.4I 
48 - 24. 8.8 7.79 16.37 0.274 0.209 2.16!. 1.291 1.37 
72-48 8.0 7.08 23.45 0.393 0.334 2.039 1.3% 1.32 
96 - 72 7,7 6.81 30,26 0.506 0.4.50 1.923 1.412 1,35 
120 -% 6.8 6.01 36.27 0.606 0.556 1.817 1.465 1.26 
144 - 120 5,63 4.98 14.25 0.690 0.64.8 1.725 1.511 1.10 
168 	144. 4.145 3.94 45.19 0.757 0.721k 1.649 1.549 0.91 
192-168 , 	3.75 3.32 4.8.51 0.811 0.784 1.589 1.579 0.795 
216 - 192 3.20 2.83 51.34 0.858 0.835 1.538 1.604 0.701 
240 	216 2.65 2.314 53.68 0.900 0.879 1.494 1.626 0.596 
264-240 2,14.5 2,17 55.85 0-935 !-US 1.455 1.646 0.568 
?Ai3LE X. 
Determination of the diffusion coefficient of Ethylene in Toluene at 25°C. 
t 
Time Vol. of gas Sat.T.P. Total  Total  Mean cone. C C Meanconc. DS. 	X 105  
in diffused V of of S. S 	ml. ml. ml. ml/ml. liq. 	ml/ml. ml/ml. diffusion 
MI/ml. 
24. - 0 31.2 28,5 28.5 0.477 0.239 3,C0-1 1.74 3.62 4.8 - 24. 20.4. 18.6 4.7.1 0.788 0.633 2.607 2.037 2.72 72 - 4.8 15.1 13.8 60.9 1.02 0.904. 2.336 2.072 2.25 96 - 72 7.2 6.57 67.47 1.13 1.075 2.165 2.158 1.15, 120 - 96 4.7 413 71.77 1.20 1.1652.075 2.203 0.79 
144 - 120 3.1 1 	2.83 74.60 1.25 1.225 2.015 2.233 0.535 168 - 144 2.05 1.87 76.47 1.28 1.265 1.975 2.253 0.360 
CO 
!2A3ZXL 
Determination of the diffusion coefficient of Ethylene in Water at 25°C. 
Time Vol. of gas [S at N.T.P. Total S TotalS Mean cone. C C Mean cone, Da 	X 10 in diffused V of ê of )*So Hours S 	ml. ml, ml. ml/ml. liq. mi/mi. mi/mi. diffusion 
M3/mi. 2 
24-0 0.65 0.595 0.595 0.0096 0.00498 0.010302 0.0565 2.20 4.8 	21, 0.55 0.503 1.098 0.0161,. 0.01418 0.09382 0.0611 2.04. 72 -4.8 0.49 0.449 1.547 0.0259 0.02215 0.08585 0.0651 1.99 144 - 96 0.35 0.320 2.233 0.0374. 0.0347 0.0733 0.0714 0.83 
TANA XU, 
1ertn 	of the d1tfuski cxefficient of csrbon 1iaxU.e in waterat 250C. 
Time Vol. of pas S at W. Total S Total S Mean oono, c c !ean cow, B 	z I0 
In otftuaed V of e of 
Hours S 	ml. ml. ml. m3/nl. liq. m3/ml. n3/rn1 diffusion j/aoo. 
-- 
24...0 4.55 4.10 4.10 0.(86 0.03t.3 0.79..7 0.3967 2.16 
48-24, 4.25 3.82 1.92 0.1326 0.1006 0.6581. I 	0.1.2% 2.21 
72 48: 4..25 3.82 11.74 0.1966 1 	0.1646 0.5944. 0.4.61B 2.4.5 
96 72 3.70 3.33 15.07 0.2520 0.22.3 0.5347 0.4.917 2.37 
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do 	 ty1e in Dekajin. 
F- 
Time 	Vol. of g" 	SatN.T.p,f s/v 	Meancon.c 	 DQ3 x105  in ditfueed Of S ml, 	mi 	mi/mi. 	liq. mi/al. 	mi/mi. 
I 	0.367 0.34k o.00 0.000 
I 0.42 0.372 0.00623 0,00312 2.3669 I 	0433 0.375 0.00623 0.00314 2.2719 1 0.415 0.382 1 0.00638 ).)0319 2.1018 
TA& 	XT. 
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Determination of the diffusion coefficient of Ethylene in Water. 
Sat 
Tenp. 	Time in 	Vol. of gas 	N.T.P. S 	Mean cone. C 	C. 	
s X 10' Hours diffused ml. 	 of liq. e 
S ml. 	 * 	mZ/ml. i1/ml. 	cm /see. 
° 15C 	24. 	0,5 	0.475 0.00795 0.00398 	0.13502 1.34 ° 25C 24. 0.65 0.595 0.00996 O.0(98 0.10302 	2.20 
35°C 	22 	 0.60 	0.534. 0.00894, 0.00447 0.07903 2.80 	 H 
TABLE XVI. 
Perminationof the diffusion coefficient of Carbon dioxide In Water. 
Sat 
Temp. 	Time in 	Vol. of gas 	NIT.P. S 	Mean conc. C 	Ce 	Ds 	10 Hours diffused ml. 	 of liq. 
'2' S ml, 	 mi/mi. mlfml. 	il/ml. cm ,1sec. ° 15C 22 	4.3 4.10 0.686 0.34.3 0.9847 	1.73 
25°C 24. 4.55 4.10 0.0686 0.0343 	0.7247 2.16 
35°C 24. 	4.3 	3.84. 0,064.2 0.0321 0.558 	2.62 62°c 24 3.3 3.06 0.0512 0.0256 0.345 3.65 80°c 	3.5 	0,4 	0.371 0.0062 0.0031 - 0.2119 	4.35 
08 
H2 ..... TOLUENE 
GRAPH No-8. 
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TABLE XVII. 
Determination of the diffusion coefficient of flydrogen in Toluene, 
Sat 
Temp. Time in Vol. of gas LT,P. ean COUC. yv C 	C g X ]O Hours diffused 
S ml. 
of liq. 
mi/mi. : /mi. 2 /sec., cm 
15°C J9 1.30 1.24. 0.0207 	0.0104. 0.0567 10.5 
25°C 20 1.1.0 1.272 0.0213 0.0107 0.0611 9.52 
6300 17.5 0.9 0.8]4 0.0136 	0.0068 0.0672 6.32 
TABLE XVIII. 
Determination of the diffusion coefficient of flydron in Water. 
Sat 
Temp. Time in Vol. of gas N.T.P. S 	Meanconc. c s  x 10 Hours diffused ml. of liq. 
LJ1WL. 2 S ni. mi/mi /m1. cm See. 
25°C 26 0.3 0.267 	1  0.00446 	0.00223 0.01533 6.10 
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TAME XIX. 
Determination of the diffusion coefficient of Sulphur dioxide in Water. 
------- 	-- - --f ------ I Sat -•-- 	 ----------•---'----- 1 
p. Time in Vol. ofgas N. T. e Ynconc.0 I) 	x 	2 5 
Hours diffused ml. Ii of ].iq. 
S 	ml, mi/mi. 1/m1. cm/sec. 
15°C 1 	- 83 7.95 0.132 0.066 47.214. 1.58 
25°C 1 8.775 7.81 0.131 0.0655 32.7245 2.18 
35°C 1 7.05 6.34 0.106 - 	 0.053 22.437 2.58 
59°C 1 5.45 4.91 0.082 0.1 13.809 3.25 
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MEAN 	CONCENTRATION AS PERCENT SATURATED 	 I 
SECTION A. 
Discussion 
Ompaxipon of the two methods for determining I). 
As already noted,the diffusion coefficients of a few 
gases in liquids have been determined by two methods, measu-
ring the gas dissolved in liquid and the gas as such in the 
upper compartment of the diffusion cell, respectively. 
The values of D obtained by the former method an the 
assumption of a quasi-stationary state are plotted against 
the mean concentration at which diffusion takes place in 
Graph No. 11. It will be now that the results show a 
scatter which is more pronounced in the case of diffusion 
of ethylene in toluene than that in dekalin. This may be 
assigned to the fact that the lower viscosity of toluene 
may have introduced greater error because of mass flow in 
certain runs. In spite of this, a smooth mean curve may 
be drawn showing the variation of D  with concentration, 
which on extrapolation in both the cases point to a value of 
diffusivity for diffusion from a saturated solution to the 
pure liquid very close to that obtained by the latter 
method on the assumption of a stationary state. The 
variation in the results in themselves is not very great, 
the maximum deviation from the mean being about lZ in 
both the cases, This is not considered highly significant 
because of the fact that this deviation incorporates the 
effect of variation of 1)  with concentration. It must be 
105 
admitted, however, that the method is incapable of giving 
results of very high precision because of the tendency of 
the gas to escape from solution when analysis is not carried 
out in situ. Another source of error by this method 
probably is the failure of the interference method for 
determining the concentration with the accuracy required, as 
a alight error in measuring concentration is magnified 
greatly in the resulting diffusion coefficient (23). It is 
found, however, that very consistent results may be obtained 
at high dilutions by this method if a sufficiently 
accurate analytical tool in available for the purpose. 
The method is not suitable for measuring diffusion coefficients 
of gases at concentrations more than half the saturation 
value, 
The new technique for measuring diffusion coefficients 
of gases in liquids is considered to yield very satisfactory 
results and is found to be a most convenient method for the 
purpose. The method is capable of being extended to any 
gas-liquid system with a slight modification in its design 
and procedure. For instance, a very slightly soluble 
system may be tackled by employing a coarser sinter, a 
micro gas burrette, and a. very sensitive Bourdon gauge, 
For highly soluble systems, a larger gas reservoir may be 
used with advantage. Since a very thin layer of liquid 
is used over the sinter surface, mass flow due to vibration 
or convection is negligible and coarser sinters giving 
higher diffusion rates should not cause any inconvenience. 
The A4 for such cells, however, must be determined by 
am 106 - 
employing & gas-liquid system of known D, as mans flow in 
Likely to give higher values of ceil constant if liquid 
liquid system is employed for calibration. Experience 
has shown the last statement to be true, although time 
did not permit to verify the same experimentally. 
In earlier experiments With this method, I) has been 
calculated on the assumption of both stationary and quasi-
stationary states. It is found that the values given by 
this method on the latter basis (table VIII) is too low 
compared to the values available in the literature while 
those on the former basis are comparable. This in to be 
expected on the basis of the fact that there is presumably 
no change in concentration of the liquid above the sinter 
while that below the sinter changes but little in the 
interval over which the coefficient is measured. This 
virtually corresponds to the existence of a stationary 
state. Por this reason in later experiments 1) has been 
calculated on the basis of a stationary state only. 
A great advantage of this technique lies in the 
fact that 1) can be measured over a desired concentration 
range which may be very narrow in some cases. Thus by 
plotting the amount of gas diffused against time, as has 
been done in the last part, I) can be measured while the 
concentration of the liquid below the diaphragm is varying 
within a specified time interval. This, however, must be 
done after the steady conditions are established as shown 
by the straightening of the diffusion rate curve after an 
initial unsteady state period which is fairly long in 
certain cases, e.g., for the system sulphur dioxide - water 
(Graph No • 9). In this way, D  can be measured for an 
interval of even one minute in case of highly soluble gases 
while sufficient time, say twenty hours, must be allowed to 
measure D for scarcely soluble gases, if the sinter is 
not coarse enough and the gas measuring equipment is not 
sensitive enough to record the change accurately during 
shorter intervals. 
Some difficulty is encountered in working at higher 
temperatures by this method due to the fact that the gas 
and the liquid tend to expand as they attain the temperature 
of the experiment during the earlier stages of a run. 
This is avoided by letting the gas in after the liquid has 
attained the temperature of experiment and the surplus has 
been drained out from above the diaphragm. The gas, 
however, takes some time to attain the temperature of 
the thermostat and expands while doing so thus masking 
the actual amount of gas diffused during that interval. 
This may be seen clearly in Graph No. 9, where the initial 
rate of diffusion is actually lower than the steady state 
period at higher temperatures, some of the gas diffused 
being supplied by the expansion of the same. This cannot 
be avoided and the diffusion run should be reckoned after 
the gas has attained the temperature of the bath as shown 
by the attainment of a steady diffusion rate. At 
temperatures nearer the boiling point of the liquid, 
however, the gas has to be introduced at lower temperatures 
to avoid boiling during evacuation. As a result there is 
a thicker layer of liquid over the diaphragm after steady 
108 - 
conditions are established, but the results do not indicate 
decisively that this layer is not completely saturated. 
Another difficulty which in faced while measuring 1) 
by the new technique is the lack of data for solubility in 
many cases. In such cases, an estimate has to be made of 
solubility of the gas which may not be completely justified. 
For example, solubility values for ethylene in toluene in 
these experiments are estimated from those for ethylene in 
benzene and in xylene as shown in Graph No, 5. At higher 
temperatures, solubility values have to be obtained by 
extrapolation. These estimated values, in some oases, may 
not be very accurate, thus introducing an extra source of 
error in this technique in some oases. This can be avoided 
by measuring solubility of the system concerned in conjunction 
with diffuaivity, whenever reliable data are not available. 
It has already been pointed out that the method is 
incapable of yielding values of D for mean concentrations 
of less than half the saturation value, a fact which is not 
very critical for application of such values to rates of 
mass transfer. However, should it be necessary to obtain 
values of diffusivity in liquids in dilute solutions, 
recourse must be taken to the former method. This leads 
us to the inference that the two methods of measuring D 
are supplementary, 
Diffusion coefficients of eight systems have been 
determined by the new technique which are reproducible 
within five per cent. Five different temperatures ranging 














GRAPH No. 13.. 














2•O 	 -04 
	





CONC. ML.GAS I ML. LIQ 	
CONC ML. GAS /ML. LICK 
4-  ) 
GRAPH No. 14.. 















- 	 I 	 I 	 I 	I 
16 	18 20 22 23 
CO NC. ML. GA S/ML. LIQ. 
- 109 - 
following table, the values of diffusivity obtained 
experimentally by the new technique are acnpared with 
those given in the literature. It will be seen that there 
is a good agreement between them. Some discrepancy is 
observed in the case of diffusion of hydrogen in toluene, 
but in all other oases estimated values are not very far 
from those observed. 
TABLE XX. 
Comparison of eerimenta11y determined D with va1ue 
given in the literature. 
System Temp. D0531 ter. Ref. 
cm /goo. cm/see. 
Ethylene 15°C 3.24 2.25! (59) 
Toluene 25°C 3.61 2.85* (89 
35°C 3.98 345* (59 
60°C 4.94. 4,92* 89 
80°C 5.70 6.13* 89 
Eth1ene - 20°C 1,70 1,59* 97 
Water 
Hydrogen 25°C 9.52 5.60* (89) 
Toluene 
Hydrogen - 21°C 5.45 5.20 (98) 
Water 
arbondioxjde * 109C 1.45 1,4.6 (98 
Water 15°C 1.73 1.60 (98 
200C 1.96 Li? (98 
Suiphurdioxide - 20°C 1.85 1.47 (97) 
Water 
* Estimated values. 
]epenlence of D on concentration. 
It will be seen from Graphs 11, 12, 13 and 14 that 
generally the diffusion coefficient decreases with 
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the results by the older method shown a rapid decrease in 
diffusion coefficient with concentration in dilute solutions, 
but as the concentration increases, the diffusion coefficient 
decreases more slowly. This trend continues in Graphs 12, 
13 and 14 obtained by the new method but there is a very 
rapid fall in I) above the sixty per cent saturation value 
in each case. In fact, there in a break in the curves at 
that point for the diffusion of ethylene in water and in 
dekalin, but the change is not so pronounced in the case of 
diffusion in less viscous toluene. The last may be assigned 
to the fact that the point near which this break occurs has 
not been determined and it is quite probable that a 
determination of D between the first two points of graph 
No. 34 may show a similar break. This rapid fall in D 
may be due to a higher ratio of reflection of the diffusing 
molecule from the surface of the liquid to actual penetration 
into the interstices after a certain concentration level. 
It is interesting to note, however, that D actually 
increases with concentration in the case of diffusion of 
carbon dioxide in water (Graph No. 15). As this is the 
only system involving ions for which variation of 1) with 
concentration has been studied, this anomaly in behaviour 
may be assigned to that cause for it has been found that in 
general, rates of reactions involving tone are strongly 
affected by the total ionic concentration. 
Variation of 1) with temperature. 
Variation of diffusivity with temperature for the 
various systems is shown in Graph No. 16. It Will be 
GRAPH No. 16. 
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seen that there in almost a linear variation of 1) with 
temperature in most cases, although there is a slight 
tendency for the curves to flatten at higher temperatures. 
The curve for the system sulphur dioxide - water shows a 
slight decrease in diffusivity at 76°C, although the probabi-
lity of error because of employing extrapolated value of 
solubility or due to existence of a thick layer of liquid 
on the gas side of the diaphragm is not entirely improbable. 
The curves for diffusivity in water and in toluene 
show much steeper gradient as expected on account of their 
lower viscosities and boiling points. The dotted curves 
are drawn from values computed from the nomogram for 
estimating diffusivities in liquids given by Othmer and 
Thaker (89) 	it is to be noted that while the experimental 
values for the system ethylene toluene are in good 
agreement with the values predicted by the nomograrn, except 
for a higher gradient, the gradient for the system hydrogen - 
toluene is actually opposite in sign. This may be expected 
in view of the fact that whereas the solubility of most gases 
in liquids decrease with temperature that of hydrogen in 
toluene increases initially and then after about 5000 starts 
to decrease (Graph No, 8). Since methods of estimation 
are based on normal behaviour of systems only, the necessity 
of experimental determination in such cases is obvious. 
However, on the basis of constancy of D 77, an increase in 
1) with temperature even for the system hydrogen - toluene is 
expected and the system is worthy of further investigation. 
Finally, the following table gives the Pent 
temperature coefficient of diffusion for the various systems. 
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TALE W 
System Temperature 	Per cent. 
Range temperature 
coefficient 
Ethylene 	Dekalin 1500 - 62.5°C 	016 
Ethylene - Toluene 15°C - 78°C 1.13 
Ethylene 	Water 15°C 	35°C 	5.4.5 
Hydrogen - Toluene 15°C - 63°C -0.83 
Hydrogen 	Water 25°C 	35°C 	2.59 
Carbon dioxide - Wate' 15°0 80°C 2.50 
Sulphur dioxide - Watr 15°C - 590C 	2.4.0 
The value given byArnold(86)  is 3.0 at 200C for 
diffusion in water which is in good agreement with the 
values for the last three systems. 	The high value for the 
diffusion of ethylene in water is a notable exception, 
which may be due to the fact that it is based on a temperaturi 
range of 2000 only, and since the solubility of ethylene 
in water is very low, the accuracy of determination is 
correspondingly lower. 
Variation of J) with viscosity of the medium. 
A glance at Table VIII will show a decrease in the 
diffusivity of a substance with increasing viscosity of the 
liquid. Following table is computed to show how far the 




System Ten. Viscosity D x 10 D 	10 
centipoisen am 
Ethylene - Dakalin 250  1.95 1.44 2.80 
Ethylene - Water 25CC 0.87 2,20 1.92 
Ethylene - Toluene 25°0 0.56 3.61 2.06 
Hydrogen - Dekalin 25°C 1.95 3.30 6.41+ 
Hydrogen 	Water 25°0 0.87 6.10 5.31 
Hydrogen - Toluene 25°C 0,56 	1 9.52 5.33 
It is seen that the product D is fairly constant 
for the solvents water and toluene but dekalin shows a 
higher value of the product in both the cases. 
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SECTION B. 
Application of diffusivity in mass transfer. 
Diffusivity and liquid tUrn transfer coefficient. 
It has been seen in Part It that kL is expressed as 
a function of 1) in all the three modals of absorption 
meohanism,the relationship being conveniently represented as: 
kL o D2 . 
The following table is computed on the basis of 
experimentally determined values of kL and I) to show the 
relation between the two. 
TABLE XXIII. 
Determination of x. 
System Temp. Dx105om2/8000 JkL.,,,,3,/a*o. Ref. 
Hydrogen - 17°C 1: 	4..82 4.6.1 (35) Water 
Ethylene - 




Toluene 180C 10.2 25.4 (93) 
Ethylene - 16. 0c 3.28 18.0 0* 302 Toluene 
Carbon dioxide - 	160C 1.77 8.35 (36) 
Water 12 
Ethylene ; 16. 2C 3.28 18.0 (36) Toluene 
The first two values obtained on the basis of systems invol-
ving no chemical reactions are nearer 0.5 predicted by the 
relations of HWio and of tnokwerts. The last value, which 
is obtained on the basis of one of the systems involving ions, 
is higher than unity and therefore it will be unreasonable to 
II 
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draw any conclusion on that basis. However,, it has been seen 
in Part II that the exponent of D found by other workers 
although quite near 0.5 is by no means constant and varies 
between 0.3 and 0.75.  This suggests that the relation 
between I) and kL  may not be as simple as postulated by the 
theories of Bigbie and of Danokwarts and there may be some 
other factor involved, which may itself vary with the 
diffusivity of the system and possibly also with other 
variables to varying degree , so that kL  instead of varying 
with D with a fixed exponent, may vary with I) with an exponent 
which itself varies within similar limits as found experimentally. 
It will be seen presently that i in equation (57) is one such 
factor, which in itself may not be as represented by equation 
(57), but may lead to an insight into the mechanism of umas 
transfer. 
Thickness of the surface film. 
The following table gives the values of the thickness of 
surface film computed by substituting experimental values of 




Temperature D x 105cm2/sec. itt  x 103c!lVaeo.  Reference - x 10 
16.8°C 1.70 7.23 - 11.57 (36) 2.33 - 1.47 
1600 1.77 5.70 - 8.35 (36) 3.11 - 2.12 
17°C 4,82 4.6.1 (35) 1.05 
17°C 1.50 27.8 (35) 0.5 
18°C 3.35 2.93 (93) 1.11 
18°C 10.2 25.4. (93) 4.01 
17°C 1.82 27.8  0.655 
25°C 2.16 4.4.5 (12) 4.85 
16. 2°C 3.28 17.35 - 18.7  1,89 - 1,75 
System 
Sulphur dioxide - Water (jet) 
Carbon dioxide - Water (jet) 
fiy1rogen - Water (bubbles) 
Ethylene Water (bubbles) 
Ethylene -,Toluene (bubbles) 
Hydrogen - Toluene (bubbles) 
Carbon dioxide - Water (bubbles) 
Carbon dioxide - Water (film) 
Ethylene - foluone (jet) 
These values of $ may be compared with the values of 6 given by ?unne 99)   for dissolution 
of solids in liquids. 
- 117 
TABLE XXV. 
for dissolution of solids in liquids. 
System 	 Temperature 	6x103  
Bensoio acid Water 	 2000 2 - 3 
Magnesia Benzoic acid 2000 	 29 
Magnesia Acetic acid 	 2000 2.8 
Marble - Hydrochloric acid 	20°C 	3.2 3.6 
Magnesium Benzoic acid 2000 2.2 
Silver acetate - Water 	 2000 	34 3,9 
It is interesting to note that the thickness of the 
stagnant layer is of the same order in the case of mass transfer 
between solids and liquids to mass transfer between gases and 
liquids. In some cases, where the thickness is lower, 
bubbles are involved and the lower thickness of the surface 
film may be assigned to turbulence in such systems. Hixson 
and Baum 	have shown that S is inversely proportional to the 
rate of stirring from 200 to 4.50 R.P.M. for dissolution of 
benzoic acid in caustic soda. However, it can be seen from 
table UIV that although the film thickness is of the sane 
order in all the oases of laminar flow, it varies with the 
properties of the medium and with flow conditions. For 
laminar flow along a flat plate, Levicb(1 	obtained the 
relation: 
I 	I 	I 
= 3z17 (63) 
where U is the characteristic velocity of the system and x is 
the distance from the edge of the plate. 
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Although the variation of $ with viscosity or flow 
conditions is quite understandable, it is difficult to see how 
it depends on the diffusivity of the system except for its 
effect on the properties of the medium. Assuming a normal 
distribution of the displacements of the diffusing molecules, 
as the diffusivity will increase, more molecules will be able to 
travel into a region where turbulence exists and the transport 
will be diffusion controlled to a lesser extent. Thus, although 
the physical thickness of the surface layer may not be affected 
by diffusivity of the EVetem s, the result will be as if it were, 
and that may account for Levich's observation. 
It is often stated that the thickness of the stagnant 
layer, obtained by equation (57), which corresponds to a layer 
of about 50,000 molecules thick, is improbably high. Page 
and po  nen&02) have shown that fluid motion persists to within 
a distance of 0.6 x 10.4  cm. from the wall of a pipe carrying a 
fluid in turbulent flow. However, this may not be inconsistent 
with the assumption that in a region near the interface of 
thickness S the liquid is in stream line flow where the 
concentration is a linear function of the distance y (measured 
normal to the surface) over the range o 	'and the rate of 
mass transfer in that region is controlled by molecular diffusion. 
This region of thickness may correspond in effect to a stagnant 
layer of effective thickness S and that may account for the 
fact why the two film theory has been able to explain so many 
experimental observations. The inconsistency in the exponent 
of 1) in the relation kL DX may be due to the fact that this 
region where mass transfer is controlled by molecular 
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diffusion varies in thickness and depends on the properties of 
the medium, the flow conditions and probably also the 
temperature. This may be the reason why kL  does not always 
vary with fl°' 5 as presented by the relations of Higbis and of 
Danckwerta which are yet to be confirmed experimentally. 
The distance to which a diffusing molecule penetrates. 
It will be interesting to know how far a diffusing molecule 
will penetrate on the average in a given time of contact and 
if this thickness is significantly different from the thickness 
of the region where mass transfer is mainly controlled by 
molecular diffusion. The following table is computed for 
determining Z from equation (44)  by substituting experimentally 
determined 1) and known time of contact. 
TABLE XXV]/ 
Ax 1030m. IS x 103cm. 
2.03 - 2.6 1.4.7 - 2.33 






2.08 	I 4..85 
2.58 - 3.2 1.75 - 1.89 
I 
TABLE XXVI. 
Determination of ii.. 
Sstern 52 Temperature t. sea. 1) x 1.rcm /eec. 
Sulphur dioxide - Water (jet) 16.8°c .1213 - .1989 1.70 
Carbon dioxide - Water (jet) 16°c .139 	- .222 1.77 
Hdrog.n - water (bubbles) 170C .1 
Ethylene - Water (bubbles) 17°C .1 1.50 
Ethylene - Toluene (bubbles) 18°0 .1 3.35 
Hydrogen - Toluene (bubbles) 18°C .1 10.2 
Carbon dioxide - Water (bubbles) 170C .1 1.82 
Carbon dioxide - Water (film) 25°C .1 2.16 
Ethylene - Toluene (Jet) 16.2°C .1037 r.1570 3.28 
GRAPH No. 17. 
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It Will be seen that in most cases the distance to which 
a molecule penetrates in a given time of contact is of the 
same order as b . The very high values obtained for the 
absorption of hydrogen and ethylene in toluene in bubble 
swarms is probably duo to a higher estimate of the time of 
contact. If the distribution of the distances to which 
molecules penetrate is normal, a fair proportion of the molecules 
striking the liquid surface will not be able to penetrate a 
region of thickness band therefore transport will be diffusion 
controlled in that region. 
Prediction of kL for specific conditions of mass transfer. 
As has been said in Part II, we can predict the values of 
liquid film transfer coefficients for various values oft,, 
or S it D is known, Since it is not feasible to measure 
directly, and S has not been determined in conjunction with 
liquid film transfer coefficients for many systems, we shall 
confine ourselves to the prediction of k from known values of 
and compare with the results obtained experimentally. In 
Graph No. 17, values of kt  are predicted from t = 0.01 to 0.21i 
for three systems and are compared with experimentally 
determined values (36). It is seen that the slope of the curve 
is the same in all the cases and at least in one case, viz., 
the absorption of ethylene in toluene, the two curves coincide. 
The lower values obtained for the systems carbon dioxide - 
water and sulphur dioxide - water may be due to the fact that 
kL does not vary as D°5  in these cases as predicted by Illgbie's 
relation. Another explanation for this discrepancy may be the 
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raot that each of these systems involve ionisation to varying 
degree while the solubility of sulphur dioxide in water is not 
very low so as to neglect the gas-film coefficient. The 
following table summarises the cparisci for other systems 
where the variation of kL with t5 has not been determined 
experimentally. Values calculated by tnckwerts' relation are 
also given on the basis of S = 8/sec (12). 
TABLE xXVXI/ 
System (bubbles) 	Termerture D x 1 	/sec. te see. S see. 
Hydrogen - Water 17°C 4.82 1 	8 
Ethylene - Water 17°C 1.50 .1 8 
Ethylene - Toluene 18°C 3.35 1 	8 
Hydrogen - Toluene 18°C 10.2 1 8 
Carbon dioxide - Water 17°C 1.82 .1 	8 
Ethylene - Toluene 39, 5°C 4.15 1 8 
Ethylene - Toluene 64.2°C 5.10 1 	8 
Hydrogen - Toluene 39. 5C 8.35 1 8 
) Hydrogen - Toluene 64.2°C 6.20 1 	8 
1 . 	-- 
x 102cWsec. 
I)anckwerta ! Higbie Experimental 
1.96 2.4.7 4.61 
1,09 1.38 2.78 
1.63 0.652 0.293 
2.85 1.14 2.54 
1.46 1.52 2.78 
1.82 0.725 0.391 
2.02 0.803 0.722 
2.58 1.03 3.50 
2.22 0.887 4.20 
$ 
TABLE XXVII. 
Comparison of theoretical and calculated values of kL 
It will be seen that whereas !Ugbie's equation gives 
a very good estimate of liquid film transfer coefficient 
with jets having known times of contact and in stream line 
flow, it usually gives low values in the case of transfer 
involving bubbles. Estimation of kt  from Higbie's 
relation should, therefore, be applied only in cases 
where absorption takes place in an effectively still 
liquid and time of contact is definitely known. The 
relation of Danokwerte, also gives lower values in most 
cases, but this is not an adequate test for the relation 
at all as same value of S is used throughout. It is 
essential to estimate S accurately in systems for which 
kL is being measured in order to test the adequacy of 
the relation and predicting values of kL  from the same. 
- 124* - 
CZICW$jNs. 
The following conclusions may be drawn from the 
results obtained by the two methods of determining 
diffusivity and their application to mass transfer between 
aaes and liquids. 
The diaphragm cell method may be conveniently 
adapted to measure diffusivity of gases in liquids. 
For measuring diffusivity in dilute solutions, the 
gas mast be used in solution in one of the compartments 
and diffusivity measured on the basis of existence of a 
quasi-stationary Etate. This procedure is incapable 
of giving very accurate results if methods of 
analysis in situ or a very accurate method of 
analysis outside the system is not available. The 
method is unsuitable for very slight]y soluble gases 
and for measuring variation of diffusivity with 
concentration. 
The new technique for measuring diffusivity of gases 
in liquids using the gas as such in the upper compartment 
of the diffusion cell in capable of giving very accurate 
results for diffusivity in solutions at concentration 
more than half the saturation value, The diffusion 
coefficient obtained by this method is the one which should 
be applied in calculations involving mass transfer from 
pure gases to pure liquids, as this coefficient is measured 
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under similar conditions. Tt has been fc,r4 that a 
stationary state exists in the diaphragm and the results 
obtained on this basis are comparable with those in the 
1iteratua. The technique may also be applied to systems 
having very low solubility by employing a coarser sinter 
and a micro-burrette. Variation of diffusivity with 
concentration as well as with temperature may be measured 
conveniently by this method. At temperatures near the 
boiling point of the liquid, however, a thick layer of the 
liquid has to be left on the sinter surface which may become 
a source of error in certain cases because of not being 
completely saturated. 
3) 	Use of extrapolated values of solubility may sometimes 
be a source of error in determining diffusivity by the 
new technique and therefore, in the absence of reliable 
data on solubility,, diffusivity should be measured in 
conjunction with solubility. 
I) 	Methods of estimation of diffusivity should be 
used with caution for determining variation of 1) with 
temperature especially if the variation of solubility with 
temperature shows some abnormality. The same applies to 
determination of variation with concentration if the 
system involves ionisation. 
5) 	The diffusivity of games in liquids usually decreases 
with concentration, the decrease being very rapid after 
a mean concentration of diffusion of about sixty per cent 
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the saturation value. 	The diffusion of carbon dioxide 
in water is a notable exception, 
The diffusivity of gases in liquids usually increases 
with temperature, the plot of 1) vs, temperature being 
approximately linear in most cases. The diffusivity of 
hydrogen in toluene and of sulphur dioxide in water above 
600c, however, show a decrease and need further 
investigation. 	The slope of the curve I) vs. temperature 
generally decreases with the viscosity of the medium. 
The diffusivity of gases in liquids is an inverse 
function of the viscosity of the medium, 
Experimental data suggest that liquid film transfer 
coefficient may not vary with diffusivity with a fixed 
exponent as required by the relations of ffigbie and of 
Dancicwerts but with an exponent varying within narrow 
limits, 
In spite of statements of the physical improbability 
Of existence of a stagnant lr or of liquid of macromolecular 
dimensions at the interface, it is quite possible that the 
rate of mass transfer is controlled by molecular diffusion 
in a region at the interface the thickness of which is a 
function of the properties of the medium and of flow 
conditions. 	This may also explain why kL  does not vary 
with 1) with a fixed exponent, 
That mass transfer is controlled by molecular diffusion 
in a region near the interface is also suggested by the averagØ 
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distance travelled by a diffusing molecule in a given 
time of contact. 
U) In spite of its limitations, Higbi&s equation gives a 
fair estimate of liquid film transfer coefficients for mass 
transfer into effectively still liquids which do not involve 
chemical reaction, but gives low values generally in cases 
involving bubbles. The equation of Danckwerts cannot be 
examined adequately due to lack of sufficiently precise data 
for the rate of surface renewal in conjunction with liquid 
film transfer coefficients, 
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ggestions for further work. 
Determination of the solubilities of the systems for which 
estimated values are used to confirm the results. 
Determination of diffusivity in conjunction with solubility 
at still higher temperatures. 
IbPloYment of coarser sinters and mioroburrettea to prove 
the suitability of the new technique for determining 
diffusivity of slightly soluble gases with higher accuracy. 
Ii.) Further investigation of the diffusivity of hydrogen in 
toluene and of sulphur dioxide in water at high temperatures. 
Further investigation of the variation of diffusivity with 
concentration of carbon dioxide in water and of ethylene in 
toluene. 
Investigation into the possibility of employing diffusion 
channels of known dimensions, say by employing a plastic disc 
with holes of known dimensions by dissolving metallic wires 
previously impregnated into it. 
Correlation of further data on k and D for non-reacting 
systems to confirm the variation of the exponent of D. 
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QMNCLATUR. 
A = effective cross-sectional area 
A1,A2 = constants 
B 	constant 
0 = volumetric concentration of diffusng gas 
C. = concentration 
D = diffusion coefficient 
E = eddy diffusivity 
H = Henry's Law constant 
K = constant 
= film coefficients 
L = latent heat of evaporation 
L, l,L, = effective length, characteristic length 
M = molecular weight 
p = partial pressure (p.25, osmotic pressure) 
= feed. rate 
R = distance 
r = radius 
S = volume of gas diffusing 
S = rate of surface renewal, sum of cube robts (as defined 
T = temperature 
t = time 
u = velocity 
V,v = volume 
x,y,z = coordinates 
Z = viscosity in centipoises 
x = axial distance 
= viscosity 
= distance 
= equivalent film thickness 
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